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ABSTRACT

The research goals of this ONR sponsored University Research Initiative entitled "Materials for Adaptive

Structural Acoustics Control" relate directly to the sensing and actuating material which must be integrated to

function in adaptive control of acoustic structures. This report documents work in the second year of the program

and for convenience the activities are grouped under the headings General Summary Papers, Materials Studies,

Composite Sensors, Actuator Studies, Integration Issues, Processing Studies, and Thin Film Ferroelectrics.

The general papers cover a new comprehensive description of ferroelectric ceramics and their applications,

analysis of high temperature piezoelectric sensors and the possible application of nonlinearity in enhancing the

"smartness" of ceramics and composites. Scale effects on ferroics are of increasing interest and the manner in which

nano-scale polar regions control the properties of relaxor ferroelectrics is again emphasized.

For material studies the detailed examination of the evolution of diffuse, then relaxor behavior in lanthanum

modified lead titanate has been completed. Interest in the soft PZTs, relaxor and phase switching materials

continues, with a new thrust developing towards a more complete description of domain walls and morphotropic

phase boundaries in perovskites. Materials issues in the wear out and fatigue effects in polarization switching

systems have been subjected to detailed evaluation and the precautions necessary to fabricate long lasting materials

which will stand 109 switches without any fatigue are delineated.

Sensor studies have continued to focus on flextensional composites and have demonstrated both the very

high hydrostatic sensitivity and the amplified actuation response of this configuration. Integration of sensors with

the "moonie" actuators has been accomplished in individual cells. Actuator studies cover the gamut from highly

reproducible micro positioning using electrostrictive compositions to high strain polarization switching shape

memory ceramics capable of driving a latching relay device. Studies of the destruct mechanisms in practical MLA

systems complement the earlier materials work and show the importance of internal electrodes and ,'cnsequent stress

concentrations for crack initiation. Integration studies have focused upon more detailed evaluation of 1:3, 2:2 and

tubular 1:3 composites and upon the influence of the polymer characteristic and of face plates and edge guards upon

sensing and actuation capabilities. In processing, the interest in dielectrophoretic forming of composites is

continuing and assembly of interesting 1:3 composites is demonstrated. Guidelines for the transducer application of

electrostrictive materials have been formulated and a useful classification scheme proposed. In fiber PZTs techniques

for fabricating thin (30 g) fibers are demonstrated, the first successful technique for poling fibers is described and it is

shown that properly poled fibers have electro-elastic characteristics similar to bulk material. Film papers are selected

to reflect the transducer capabilities of lead titanate and of phase switching lead zirconate titanate stannate

antiferroelectric compositions.
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ELECTROMECHANICAL NONLINEARITY OF
FERROELECTRIC CERAMICS AND RELATED

NON-180° DOMAIN WALL MOTIONS

SHAOPING LI, WENWU CAO, R. E. NEWNHAM and L. E. CROSS
Materials Research Laboratory, The Pennsylvania State University,

University Park, PA 16802 USA

(Received June 13, 1992; in final form August 26, 1992)

Using an optical interferometer and other experimental techniques, the mechanical and dielectric
response of lead zirconate tilanate Pb(Zr.Ti, _,)03 ceramics to an a.c. electric field have been inves-
tigated directly. The experimental results demonstrate the importance of the domain wall motion in
generating the electromechanical nonlinearities in ferroelectric ceramics. It has been verified that the
couplings between the acoustic vibrations and the movement of domain walls is an important factor in
terms of extrinsic properties of ferroelectric polycrystalline materials. A phenomenological theory has
been extended to describe the extrinsic contributioms to the piezoelectric, elastic and dielectric prop-
erties. These effects can be attributed to both the linear and nonlinear vibrations of non-180 domain
walls in ferroelectric ceramics. The proposed theory shows qualitative agreement with the experimental
results.

Keywords: ferroelectric ceramic, PZT, nonlearity, domain walls, piezoelectricity

I. INTRODUCTION

Electromechanical nonlinearity in ferroelectric polycrystalline materials is an im-
portant problem in modem ultrasonic engineering. Ferroelectric ceramics are widely
ur-d as transducers, resonators, actuators, motors, and capacitors which represent
a very large segment of the electroceramics market. One of the limitations of
ferroelectric transducers for practical use are the nonlinear effects which occur at
high drive level, 1-6 because ferroelectric ceramics are the strongest known nonlinear
piezoelectric materials 7 Moreover, techniques for fabricating ferroelectric thin
films have made great progress during recent years leading to the possibility of
utilizing nonlinear phenomena of ferroelectric polycrystalline thin film devices in
conjunction with integrated circuits. Significant nonlinear phenomena in thin films
can be observed under voltages of less than a volt. In practical applications, the
nonlinearity of ferroelectric polycrystalline materials directly influences the per-
formance of microwave acoustic devices such as convolvers and correlators .7-9 The
so-called "smart ceramic systems" 10 incorporating sensors and actuators also need
to exploit the nonlinear properties of ferroelectric ceramics. In short, on certain
occasions, one wants to avoid the nonlinearities, while on other occasions one
wants to benefit from them. Therefore, from a technological point of view, it is
important to study the nonlinear electromechanical properties in ferroelectric ce-
ramics so as to optimize the choice of piezoceramics most suitable for transducers,
actuators, resonators, ultrasonic motors and other acoustic devices, as well as to
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develop new types of nonlinear electronic devices such as frequency mixers and
doublers, and piezoelectric thin film devices.

The piezoelectric effects in ferroelectric ceramics are caused by two mechanisms:
(1) the intrinsic piezoelectric effect"-1 2 connected with the deformation of each
unit cell of the ferroelectric material by an electric field and (2) the extrinsic
piezoelectric effect13-1 5 that, for example in lead zirconate titanate (PZT) system,
refers to the motion of non-180* domain walls and the movement of the interphase
phase boundary between the tetragonal and rhombohedral phase regions.' 6 It is
believed that the piezoelectric effect in polycrystalline ferroelectrics is caused not
only by the ionic displacement in connection with the change of the polarization
magnitude, but also by the movements of domain walls and interphase boundaries.
Studies on materials such as BaTiO 3 and PZT'7 have shown that as much as 60%-
70% of the piezoelectric moduli values may originate from the extrinsic contri-
butions. In fact, the performance of many transducers, actuators and capacitors
are based on the control of domain structures under applied electric field. Micro-
structure investigations1s-2 showed that the poled ferroelectric ceramics contain a
large number of non-1800 domain boundaries which strongly affect their electro-
mechanical behavior. 2 1-27 In general, these domain structures give rise to complex
linear and nonlinear behavior which is very sensitive to the quality of the sample
and its defect concentration, as well as the external boundary conditions.

Even though the investigation of the electromechanical nonlinearity in ferro-
electrics has been carried on for the last three decades, most of the studies28-30
are based on thermodynamic theory only, without considering the dynamics of
domain walls. Very little work 31 , 2 has been done to describe the behavior of
electromechanical nonlinearity in terms of domain wall motion, even though the
domain wall motion plays a dominant role over a wide range of external field levels,
and also the frequency response of domain wall motions spans a range from almost
zero hertz to the microwave regime. Moreover, a number of ambiguities still remain
in this area due to the lack of sufficient information about the relationship between
electromechanical coefficients and the motions of non-180* domain walls and the
movement of interphase boundaries.

Here, it should be mentioned that one of the challenges facing materials scientists
is to develop a scientific foundation for the understanding and the rational design
of sophisticated material systems with novel microstructures as well as multiple
functional Liaracteristics. At present, the major shift in ferroelectric research and
development is underway from single-crystal devices to fully integrated polycrys-
talline thin film devices in which the ferroelectric elements are an integral part of
the silicon or GaAs integrated circuit, or very elegant micro-transducers with mul-
tiple functions for various applications. The key issue for this development is from
P!-n,-r~dqalt111ative inve,•lip~niiis oil physticul pr, qwrli,:-% if lmolyeryxslalivic intierialst

towaids mote quantitative exanmination Ol the iclationlship betwteiu the atn1laoiul uc-
tures and macroscopic properties. Basically, it has been known that one of the
simplest types of composite with piezoelectric constituents is a single phase poly-
crystalline aggregate, with grains made of the same piezoelectric substance but
with mismatched orientations of the crystallographic axes at the grain boundaries.

Since the micro-piezoelectricity combining micromechanics and microelectronics is
of great significance in microferroelectricity, the quantitative study of the rela-
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tionship between the microstructure and related properties in polycrystalline ma-
terials is the basis for further development in microferroelectricity.

It is the objective of this work to evaluate the linear and nonlinear elastic,
dielectric, and piezoelectric coefficients arising from the domain wall motions, and
to form a tentative model based on the observed linear and nonlinear effects in an
attempt to gain some physical insight into the relationship between domain wall
motions and nonlinear electromechanical properties in ferroelectric ceramics. This
paper is structured as follows: in sections II and II, we present a general description
of the electromechanical properties arising from the non-180i domain wall motions
in the ferroelectric ceramic. Through considering the macroscopic nonlocal motion
of domain walls in the presence of external fields, we obtain expressions for a
number of experimentally accessible quantities. In section IV, we show some ex-
perimental results which characterize the dynamic electromechanical response of
the PZT ferroelectric ceramics. Some of the experimental results strongly support
our approach to the problem.

II. THEORETICAL

2.1. Domain and Interphase Structures

In a Pb(ZrTi _J)O3 system with composition near the morphotrophic phase bound-
ary, the tetragonal and rhombohedral phases coexist. Therefore, besides the 1800
domain wall, there are 71°, 1l0r and 900 domain walls. Also interphase boundaries
between the two phases exist. Here, we do not discuss the case for 1800 domain
walls. The 1800 domain wall motion does not significantly affect the piezoelectric
and electromechanical properties because the spontaneous deformations of the
antiparallel domains are the same.6'1 2 In order to investigate systematically the
relationship between linear piezoelectric effect and the non-18M domain wail mo-
tions in ferroelectric ceramics, Arlt el aL 13. 14 first presented a phenomenological
model for the vibrating 900-domain wall under electric field and mechanical stress
to describe the linear piezoelectric behavior of ferroelectric ceramics. We have
generalized this model to describe the nonlinear effects resulting from the vibrating
900-domain walls.3

Here, we will try to model non-180* domain wall motions for the cases of rhom-
bohedral phase and interphase conversion between the tetragonal and rhombo-
hedral regions, respectively. As we know, the symmetry of the ferroelectric phase
is fully determined by the symmetry of the parent phase. The spontaneous polar-
ization has equal probability to lie in all the equivalent directions prescribed by
the prototypic form from which the ferroelectric phase is derived. From phenom-
enological theory,i2 we can find eight energetically equivalent variants in the rhom-
bohedral ferroelectric stable states of PZT system as following:

I- (P1, P2, P3 ), 1I. (P1, P2, -P3), III. (-P1, P2, P3 ),

IV. (Pe, -P1', P3), V. (-1'1, P2, -_P3), VI. (P,, -P 2, -P3),

Vwhr (3 te , c Pon of, te v . (spnaeo, Poa, -t) (i)
where P,(i = 1, 2, 3) are the components of the spontaneous polarization Po in
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Cartesian coordinates, P2 = p2 = P2 = P213. Accordingly, the spontaneous
strain under zero stress conditions can be written as:

Sjj = S22 = S33 = (Q11 + 2Q 12)P2/3 (2)

S12 = Q44 PIP2, S23 = Q"P 2PA, S13 = QMP1 P 3

where, Q~j are the electrostrictive coefficients. Obviously, the normal components
of s,, are the same for all of the orientation states, and the shear components of
the spontaneous strain tensor in the corresponding Equation (1) have the following
forms:
I(VIIi). S2 = S23 = ---3 P 2; II(VII). SZ •-$23= -S3 =-94P2;

SII(VI). S12 = -S23 = S31 = - Q44 P2;3

IV(V). SI2 = S23 = _31 -Q44 p 2  (3)3 0
These eight low temperature variants will form 180r, 71* and 110' twin structures.
For instance, the polarization vectors in a twin structure between states (I) and
(VII) form a angle 0,

0 = cos-( .h1 11 -kj) = cos- 1  110'

where All, and iiii, are unit vectors in [1111 and (HiJ, respectively. The twin
boundary is then called 1100 domain wall. We choose primed and unprimed co-
ordinate systems for a basic piezoelectric element as shown in Figure 1, which
contains a single 110r domain wall and separates the polarization states (1) and
(VII). In the primed system, domain wall is located in z' - 0 plane.2 A displace-
ment Al of the domain wall gives rise to a change in the electric dipole moment
bP# in volume AIA,"•'2

8 = 2 AAPo (4)

A is the displacement of the domain wall and A is the area of the vibrating domain
wail per unit volume. This movement of domain walls also induce a change in the
elastic dipole moment, which in the primed coordinate can be written as

I I '1 (5)

where,

S 3 3
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z

(n)

ZZI n

FIGURE 1 (a) A basic element of a twin structure in a rhombobedral ferroelectric ceramic. (b) The
unprimed and primed coordinate systems. The relative orientation is characterized by the Eulerian
angles (4, 4, e).

where, P0 and So are the spontaneous polarization and strain, respectively, in the
rhombohedral phase. Finally, in (x, y, z) coordinate system, the changes of induced
electric and elastic dipoles can be obtained through a coordinate transformation:

8Pj = AIAPofJ(O, 0, W) (6)

and,
BU ji = WASoF~tA , @b, 41) (7)

where
f, = 1cos 4(cosP - sin*') - cos 0 sin 4(sin W + cos *)], f2 = [sin 4(cos

W - sin *) + cos 0 cos o(sin * + cos *)],,f 3 = sin 0(cos V + sin W1);
and

FI = 2 sin 0 sin 44cos * cos *(cos * - sin W) - sin 4 cos 0(cos * + sin

F22 = 2 sin 0 cos 0[sin 0(cos*- sin i') + cos e cos 4(cos ' + sin'I')J,
F33 = 2cosesinO(sin * + cos' W),
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F,13 = sin 4(cos '' + sin *)Icos
2 e - sin 20] + cos 0 cos 4(cos W' + sin I'),

F2,, = cos Olsin (b(cos *4 - sin *') + cos 4) cos 0(cos Vl, + sin '')I - sin2O cos
tl[cos *4 + sin *'],

F12 = sin O(cos *I - sin I').
Next. let us discuss the case of interphase conversion in the ferroelectric ceramic.

It is known'" that the tetragonal (T) and rhombohedral (R) ferroelectric phases
coexist in the PZT system for compositions near the MPB. According to SEM,
SAED and TEM results, the domain structure in PZT ceramics with compositions
near the MPB consists of alternating T and R phase layers which resemble the 9(0
domain structure in tetragonal distorted ceramics. Based on experimental results,
Lucuta proposed' 92 0 a layered model of ferroelectric domains TIRT 2RT1 , assuming
the R domains are in between two different oriented T domains as shown in Figure
2. With a rhombohedral phase in between two 900 tetragonal domains, the polar-
ization direction changes as follows: [0011 --- [111!---[010j--- 111]---[0011, corre-
sponding to a repetitive domain sequence TIRT 2RT. ... The interphase boundary
conversion will induce changes in the electric and elastic dipole moments. As an
example, when the polarization along the [111] direction in a R domain is switched
into the polarization along the [0011 direction in a T domain, the induced electric
and elastic dipole moments in the primed coordinate system are:

BP =WA 1(8)

1U11U2 U131CU' WA U2 U| 2 (9)LU31 u~U32 33

(a)

I.* Ri T 1  R
AT. .4RR R

|001--11 IJ-- 01 -- 11 II)-(uOI)

z' @ (b)

FIGURE 2 (a) Packing model of T-R twin-related domains along the (011) habit plane showing the
coexistence of T and R ferroelectric phases in PZT at the MPB [After Lucuta Reference 201. (b) A
bask element of the interphase boundary in the PZT system at the MPB.
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where,

U12 -- U13u 2 1 ' 3 1 U32 =- f4p2;

3 3
(Q1 -~ Q12) -2(Q 11 + Q12) p2

Note: here we assume that the magnitude of the spontaneous polarization in the
rhombohedral phase is equal to that in the tetragonal phase, and all coefficients
Q t1, Q12, and Q4 are the same in both phases. Finally, in the (x, y, z) coordinate
system, the changes of electric and elastic dipole moments can be written as:

bpi = I.fiBpa]; lbui1 ] = R.,lbu,11Rij] (10)

Scos* sin 0I' 01 0 0 iCos0 sin 01
[R,,] =.-sin* cos * 0 0 Cose sine 0 -sin0 cost O

10 0 1J0 -sine cos0J 0 0 11

2.2. The Model

Generally speaking, the domain wall motion is accomplished by a succession of
steps beginning at initiating nuclei,38X but in the sideways motion of the non-1800 ,
this may not be exactly true.38 The entire ceramic specimen is a complex electro-
mechanical system with the domain walls in different grains having different ori-
entations and different boundary conditions. The movements of the domain walls
are not independent; there are strong interactions between them. The microscopic
process for individual domain wall motion is rather complicated and not well under-
stood. However, if we are only interested in the macroscopic effects resulting from
the collective motion of domain walls, the microscopic details of each individual
domain may be neglected.

In this analysis, we assume that the average displacement of a domain wall in a
certain direction is quasi-one dimensional, i.e., the wall moves as a plane without
bending. Figure 3 shows the variation of the wall energy as a function of position

Z-0 0 2"!

Z-

FIGURE 3 Schematic plot of the energy potential for non-IS domain wall motion in PZT ceranica.
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in a ceramic sample. The height of the potential barrier (4b + 42) is the minimum
enierpy remqsired for the wall to relocate from a depoling state to the poled state.

4%,,. is the height of potwntial barrier lot a lion IoP. dfiiiii;iiii wall potip across one
I:stlwi'€ dktas'•ltl

Iti a dcpolaa ized ct ul aii sic N Iu its', iall ti4el1il4 116 iii'% els " t ielh cccliv lit 1111'1414. 111,11

the distribution of domain walls possesses the symmetry of -ti. Ubviously, dtilahlll
walls are located at the minima of the potential energy (z = 0).

When an external ac field is applied, the domain walls oscillate. However, as
long as the magnitude of the domain wall vibration is not very large, the macroscopic
potential energy for domain wall motions is symmetric with respect to the z axis,
i.e. V(Az) = U(-Az). The situation is different for a poled ceramic. During the
poling process, the domain walls overcome certain energy barriers, and move into
new equilibrium positions. As shown in Figure 3, the new positions are metastable
states (z = a, or z = -a). After the field is removed, the orientation distribution
of the domain walls becomes conical in the poled samples. The potential for domain
wall motion is no longer symmetric in the poled state, i.e. U(a - Az) * u(a +
Az).

It also has been shown 39.-4 experimentally that the domain wall motion in a poled
ceramic is highly nonlinear. Therefore, the potential energy for the domain wall
motion may be expanded as a polynomial function of the domain wall displacement 3:

u = Uo + A2 + L 3 + _A 4 + higher-order terms (11)
2 3 4

where /Jo is the residual energy of a domain boundary, which is assumed to be
independent of the domain wall motion. The presence of the third power term
describes the asymmetric feature of the domain wall motion in a ferroelectric
ceramic. The odd terms will be zero if domain wall vibrations take place around
a potential energy minimum of the domain wall. Therefore, the differential equation
of the forced vibration of a non-180* domain wall in a ferroelectric ceramic may
be expressed as foilows13.14 ":

AmA + A AI+- - -8-6 (12)

where m represents the effective mass of the domain wall, b is the damping constant,
and the dots on top of A] represent the derivatives with respect to time. The third
term is the restoring force. WE and Wv, are the energies of the average electric
and elastic dipoles (BP') and (g 1U,) induced by the electric field and stress, respec-
tively, which may be written as

- (WE + WM) = (15PEje*M' + I (W?)T~epr4) (13)

In general, the electric and elastic driving frequencies are different, w3 = w2. The
physical origins of the restoring force, damping effects and effective mass have
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been discussed separately by several scientists.3-41 If we consider only the first
three terms of the restoring force, Equation (12) becomes

IdWE t3WM\
ArAl + AbM + ACAI + ACAI 2 + AC3 113 = - W + cl ] (12')

This equation describes the interrelationship between the amplitude of the non-

180" domain wall vibration and the stiffness of the materials. The condition

C»dd >> C2412 , C3A13

allows one to employ a perturbation method" in solving Equation (12'). Approx-
imate values can be obtained for the induced polarization 8PI and strain bU1,
resulting from the motion of non-180° domain walls. The detailed solutions are
presented in Reference 33. According to Fousek and Brezina,8 the resonant fre-
quency of domain walls is much higher than the frequencies used in our experi-
ments, which are less than 1 MHz. Thus, the inertia term can be neglected. This
means that the damping is sufficiently strong that Equation (12') can be simplified
to a relaxation equation.

Ill. LINEAR AND NONLINEAR COEFFICIENTS

We now consider the linear and nonlinear dielectric, piezoelectric, and elastic
properties associated wth the 110 domain wall motion in ferroelectric ceramics.
The average induced polarization and strain can be calculated by averaging bU1j
and 8P1 over all domain wall orientations in the sample. 13-1" &P = (bP,), and AUI,

- (BUj) may be expressed as:

APi = Wlk. + ArqjkEIE& + [Ad.4 + Ae0,,jT., + 2AQ~pEjT,

+ AHjkpEIEkEp + AG jcEJEkT, + ...

AU, = [IAd + AQ.',E#IEj + [ASh, + ASI,.T.]T. + 2Aej'j.ET, (14)

+ AG'•jEtEJEk + AW,.jEjET, + ...

(i, j, k, p = 1, 2, 3 and l, n, m = 1,2,3,4,5,6)

In these expressions, &P, is the total induced average polarization, and AU, is
the average strain component in Voigt notation, T. is the stress, and Ek is the
electric field and the expansion coefficients are defined below. The coefficients
Ad,,, = (4du) are the extrinsic piezoelectric constants of a ceramic sample:

Aw= fd4o f d, j' -L SoP0K(w,)fFZ(8) d0 15

where
F1  = F1I, F2 = FZ,, F3 = FM, F4 = F23, FS = F13, F6 = F 12, and,

K(w,) .f A,('r) dr )
0C( I + jwIr)
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Note: Adk, depends on w2 , the frequency of the applied elastic field, and Adj,
depends on w,, the frequency of the applied electric field. g(ir) is the relaxation
timc distribution' 3"" assuming there exists more than one relaxation time. Z(O) is
the distribution function of domain wall orientations obtained during the poling
process. All quantities having the A symbol are caused by 1100 domain wall vibra-
tions only. The values of As,,, = (hs,) and Ar• = (h3j) are the extrinsic elastic
and dielectric parameters of the ceramic:

(f2Wg2w (

AS, 1 wdo f2 d* S2 K(w.2)FFZ(@) d@~o O 0 fo(16)

A~k= g'd4 d* f p2K~wl~ffkZe d@
where AQ1 , jl = (8Q,) (electrostrictive coefficients) and trilk = (browt) (nonlinear

dielectric coefficients) can be expressed as follows:

a =fl 6 d* - S0,PIK'(WII W2fjjFZ(e) d@ 17fo ro 0 3 (7)

= fd * I -1 SOP1K'(w1)fjFgZ(@) dO

where

K'(w•) = C2Ag((r) dT
o 4C(1 + 2jwr)(i + jwl'r)2

K'(wj, (2) = CAg(r) d-r
r 4(I + jlu" + c1}r)(1 + joT)(1 + jw2,r)

and

ar,, = fJd0 J d* J* -2P3 K'(ow)fj-fJZ(O) dO (8

Here, we should point out that the contributions of domain wall motion to the
electrostrictive coefficients &QI,, and the nonlinear dielectric coefficients Arlk have
the same physical origin as those of the electro-optical coefficients and elasto-
optical coefficients. In fact, in hot pressed transparent PLZT ceramics the changes
of the remnant polarization give rise to changes in the birefringence An 47`6 because
of the non-180' domain reversal induced by an external field.

The electroacoustic coefficients AekL., = (8ekb,,,) (the coefficients of the nonlinear
piezoelectric effect) describe the change in the velocity of elastic waves, and are
given by:

Aet = -o d+ f dq f- PySjZ(O)K'(w)f.FlF. dO
(19)

ACU = f2 d+ f d* PeSjZ(O)K' (,,, w ))fkFIFn do

In some materialsf the extrinsic contribution to the electroacoustic effect (change
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in velocity of sound under an applied electric field) may be two orders of magnitude
larger than the intrinsic contribution. The third order elastic coefficients AS,,. =

are:

&S,_,, = d+ d - SZ(O)K'(Ow)F,F.F. dO (20)

There are twenty one non-vanishing coefficients. The expressions for the higher
order nonlinear piezoelectric coefficients AG,,, = (8Gi,,k) and dielectric coefficients
4Hjjkp = (BHek,,) are given by the following integrals:

,,c,--f2" f w

2d., d* fo --L SoPaI"(wfjjffFZ(@) d(2fo fo .03V3(21)
f2w Is1 fIr

-;,, . %,X. .. f. fFZ(O) dO

Where

K"(w) = ~ JCjAg'(i)K"(wI) = 14C5 (1 + 2jw4w')(l + 3jw/T)(1 + jiWo) 3

C Ag'(T) }
4C4 (1 + 3jw/r)(1 + jWo'r)3 dr

K"(wf, w2) = ( CjAg'(T)(1 + jW°")- 2

) 40 (1 + 24,wi)(1 + j[2w, + ow]J)(1 + jw2T)

C3A.'(T)(1 + jW,')- 2  )

4C5(1 + j[2w, + w•2r)(1 + jr)) dr

and

IAIIjko - d+J d+i ~PtK-(oi) fjdfjZ(8) dO (22)

Note that all the quantities are frequency dependent. When electric and elastic
fields are applied simultaneously with different frequencies, one finds the direct
and converse effects have different magnitude, for example, if wa, ÷ w, AdkAwl)
* Adk,(w2), therefore, we have used a prime on some of the constants in AU, to
indicate their frequency dependence. In general, the contributions from 71*, 1100
and 90* twin structures can be all written in the form of Equation (14)-Equation
(22) except that the integration coefficients would be different in each case.

If T, = 0, Equation (14) becomes:

APi = AegcE* + A&rkEjEk + AHQ,4EjEkEp

AU, = AdwiE* + AQgEE, + AG4IE, EEk (23)

i, j, k, i, p = 1, 2, 3
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The electric field induced longitudinal strain and polarization arising from the
domain wall motion are:

AU3 = Ad 33 E.0 + AQJ33 3E2 + AG 33 33 E3 (24)

AP 3 = AE3 3E 0 + Ar 33 3E2 + AH 33 3 3 E3

Similarly, the shear strain and related polarization under the applied a.c. electric
field are described by:

AU 5 = Adg5E0 + AG111SE3 (25)

AP, = A6 11E0 + AH1I 11E3

There are no second harmonic and higher even harmonic components in shear
vibrations. Therefore, it is expected that the dependence of Ad,, and Aell on the
alternating electric field strength should have different characteristics than those
of Ad33, Ad 31 , and AE333.

Strictly speaking, under external forces the difference in free energy for the two
domains of a twin is51 :

1 1
Ag = Ar,)jrjj + AFP3)tEj + ! ASy<joUcrkjr + 1 AKQEIEj + AdykEioalk (26)

where, the first two terms are the differences of the spontaneous strain and po-
larization of the two domains, which is primary ferroic effect. The remaining three
terms in Ag arise from external force induced differences in elastic compliance,
dielectric susceptibility, and piezoelectric coefficients, which represent the second-
ary ferroic behavior. In this paper, only the primary ferroic effect is discussed.
Based on this viewpoint, it could be found that the extrinsic properties of a twin
structure arise from the orientational differences in their intrinsic properties. Ex-
ternal forces or fields induce the differences in free energy for the two domains,
causing domain walls to move, and creating the extrinsic contributions.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

4.1. Experimental Procedure

Several compositions of the PZT solid solution system were selected for this study.
The ceramic Pb(ZrzTil -Z)03 specimens with x - 0.90, 0.70, 0.60, 0.54, 0.52, 0.50,
0.40, 0.30, and 0.15 were prepared by a conventional mixed oxide technique. The
starting materials of PZT material are also included, both the powders made by
the sol-gel method and the Pb(Zr0 .32Tio.4)O 3 + (0.4 - 0.8% wt. Nb 2O3) powders.
Well sintered ceramic samples were poled at an electric field of 30-65 kV/cm in
the temperature range of 100*C-130WC. These poled samples were first checked
with a commercial Berlincourt d33 meter. Values of the piezoelectric coefficients
are listed in Table I. In addition, some ceramic samples, PZT-501A and PZT-401
which were made by commercial powders form the Ultrasonic Powders Inc., South
Plainfield, NJ. And also several of the hard and soft PZT specimens, PZT-5, PZT-
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TABLE I
Piezoelectric coefficients (or Pb(Zr.Ti,-.)03 ceramics. The measurements

were made by the commercial Berlincourt meter

Zt/1r. 90/10 7030 60/40 54/46 52/43 5050 40/60 3W70 15X5

Density 7.44 7-55 7.60 7.62 7.7 7.4 7.6 7.59 7.3

d33 ? 85-o0 I00.120 170.200 230-270 100-120 90W100 50-60 ?
(10-12 UVM)

8 and PZT-4 used in this study are commercial products from Vernitron piezoe-
lectric division, Bedford, OH.

Permittivity-temperature runs were made in a computer-controlled environmen-
tal chamber (Delta Design Model 2300) using liquid nitrogen as a cooling agent.
Both heating and cooling rates are about 5°C/Inin. Data were recorded with a
digital multimeter controlled by a desk top computer system (Model 9816, Hewlett
Packard Inc.). The dielectric response of the sample was measured by using a
modified Sawyer-Tower circuit and a precision capacitance meter (HP 4275A Multi-
Frequency LCR Meter). The piezoelectric coefficients were measured by both op-
tical interferometry and iterative methods."35 The resonance-antiresonance method
is widely used for measuring piezoelectric coefficients in weak electric fields at
which the vibrating system remains linear. However, when the amplitude of the
applied field becomes very large, the resonance-antiresonance method is no longer
suitable due to the nonlinearity. Therefore, an interferometry technique was used
for measurements under large alternating electric fields. The advantages of the
interferometry, apart from its directness, are the simplicity in computational expres-
sions. In addition, the measurements can be carried out under both resonance and
non-resonance conditions and are not limited by the amplitude of the external
fields. Moreover, a wide range of sample shapes and sizes can be tolerated. The
HP4192 A LF impedance analyzer was used when employing the resonance tech-
nique which has been standardized by IEEE.-" In measuring the nonlinear param-
eters, a sinusoidal driving field was used for convenience of interpretation. Resistive
tunable low-pass active-filters were used (Package Date 7301740 Series, Frequency
Devices, Inc.) in the measurement system. Samples were made as thin as possible
in order to achieve a high field with low voltage. For larger displacements, Equation
(2) of Reference 54 is no longer valid, and the cosine term in Equation (3) of
Reference 54 must be expanded using the Fourier-Bessel expansion. It is important
to r.alize that the nonlinear output signals may be caused by either the nonlinearity
of materials or by the distortion of the input signal in the detecting system. There
are two ways to avoid the detecting system producing nonlinear output signals. (1)
Using the quartz as the pre-calibration sample, we can retrieve the actual measured
experimental data in order to remove the nonlinear contribution of the detecting
system. (2) Through keeping the thickness of the samples down, we can get suf-
ficiently large strains while restricting the maximum displacement of the sample to
values less than 140 A.
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4.2. Results and Discussions

A. Nonlinear piezoelectric and dielectric coefficients. Figure 4 shows the pie-
zoelectric constants dr, and the dielectric constants c, plotted as a function of applied
a.c. field strength. When the magnitude of the applied electric field is below a
certain limiting value E, (called the threshold field), dk, and ej,, remain constant.
But beyond the threshold field (E > E,), do, and e increase with the amplitude
of the a.c. electric field. E, signifies the onset of measurable nonlinearity, which
is not always clearly defined. We use Adid (AE/E) > 2.5%- 4% as the criteria
according to different experimental conditions. Generally, E, depends on fre-
quency, temperature and material properties. For instance, for PZT-501A with F
= 200 Hz and T = 25°C, the threshold field for the piezoelectric coefficient d33
is approximately 300 V/cm. Analogously, when the applied field exceeds a certain
value, dielectric losses also increase drastically with the amplitude of a.c. electric
field,3" but the threshold fields for the loss seem to be smaller than those for the
dielectric and piezoelectric coefficinets. By using an oscilloscope to follow the
polarization (P) and strain (S) under a.c. electric field (E) at a given frequency,
it was found that the P and S vs. E curves are straight lines for small oscilla-
tion amplitudes, but the average slope of the hysteresis increases rapidly when
the am.4itude of the a.c. field exceeds certain values, as shown in the inser-
tion of Figure 4. Since the non-180* domain wall motion is inherently a lossy pro-
cess,35-57 the strong correlation between loss and nonlinearity suggests that elec-
tromechanical nonlinearity in ferroelectric ceramics originates mainly from the

600 1 1.1.1.1.1.1.....900
SOFT PZT F*2OOHz

3 00 du..u*i 7600 2
"9 -700

a 200 65009

1j~00 .5 00
0 500 1000 1500

£. (w/Itm!

2 SOFT PZT
a-ot

v' 2400 "
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FIGURE 4 (a) a.c. electric field dependence of the piezoelectric coefficients d),, d33, and dos. (b) s.c.
electric field dependence of dielectric coefficients,,, amd 3.
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motion of non-180" domain walls. Spectrum analyses were made to identify the
higher harmonic components in the responses of polarization and strain. It is found 33

that when the direction of a.c. field is perpendicular to the poling direction of the
sample, only odd harmonics exist and the shape of the hysteresis loops (both for
strain and polarization vs. a.c. electric field) is always symmetric. On the other
hand, when an a.c. electric field E is parallel to the poling direction, both odd and
even harmonics exist. They become obvious when external field is above the certain
level. The shape of hysteresis loop is no longer symmetric. This may be understood
from Equations (24) and (25). Assuming Ec = E0 cos wt, from Equation (23), the
longitudinal strain is:

AU3 = Ad33E.a + Ar 333EI. + AG3333E 4 = Yo + Yfei'c + Y-.e-'

+ Y2e2ý + Y_ 2e-2 + Y3e
31' + Y_ 3e-31• + ... (27)

where S( ~3AG3333E)
YO Ar 333  YA(W) = Y-,(-W) = Ad33E0 +

24

Y2()= Y_2(-() = Ar333 - YAW) = Y-(-W) AG3333Eo
2 4

The term (Y, efi,, + Y_,,e-J,) represents the component of the nth harmonic
oscillation. Based on Equation (27), we would like to elaborate a few points:

1. The third order term increases the amplitude of the fundamental frequency
by an amount of 3AG 3333EYj4.

2. The second order harmonic term creates an additional negative bias field
which displaces the center of vibration of the domain wall.

3. Both the second and the third harmonic vibrations of non-180* domain walls
contribute to the induced longitudinal strati. This implies that the hysteresis
loops of both P vs. E, and S vs. E should be asymmetric when the a.c field
is beyond the certain level. The situation is somewhat different for the shear
strain. From Equation (23), we have

AUs = Adis E,. + AG 1115E3, = Yo + Y}1eJ"

+ Y-.e-iw + Y3e 3J- + Y_ 3e-3Ia + ... (28)

where
3AG11sE 3

Yo = 0; Y 1(w) = Y-.(-w) = AdtsE 0 + - - 0
4

Y2(W)= Y_ 2(-AW) = 0; YAW() = Y_4(-w) =
4

There is no second harmonic in the shear strain, which is in agreement with the
experimental results. Measurements of the complex ail have been carried out with
doped PZT ceramics. Figure 5 shows the relative dielectric permittivity ell and E33

of the PZT-5 ceramic as well as their loss tangents as a function of temperature
from - 200"C to 5W0C at two different magnitudes of the applied a.c. electric field.

Figure 6 shows the dielectric permittivity a33 and its loss versus tern -ature at

different a.c. electric field strengths. Clearly, the values of eal and ea3 as well as
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their losses are quite different at high temperatures, these differences become
smaller as temperature decreases. d Tis may reveal that part of the difference

between all and P3 may come from the domain boundary vibrations which ame
frozen out at very low temperatures. It is found that PZT with composition near
the morphotropic boundary has one relaxation region in the low temperature re-

gime, which has been also observed by others.• 1The interesting thing is that under

1I5 3iI I N I I aW
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a.c. external field, a pseudo relaxation peak can be observed (Figure 5(c)) in a
very broad frequency range, which can be interpreted as the "clamping" of the
large magnitude movement of domain walls. In Reference 33, it has been shown
that the threshold fields of the piezoelectric coefficients increase with aging time,
which is another strong implication that the threshold field is closely related to
non-18(r domain wall motion, because the reduction of the non-180* domain wall
mobility is responsible for the aging phenomena in ferroelectric ceramics.5 It is
also found., that the threshold field strengths of the dielectric and piezoelectric
coefficients decrease with increasing the magnitude of an applied positive d.c. bias
field which provides the pinning to the wall motion. The nonlinearity also decreases
with temperature due to the fact that the domain wall becomes less mobile at lower
temperature. Figure 7 shows the distribution of threshold fields for the piezoelectric
coefficients of the PZT system with different compositions and dopants. A pro-
nounced minimum value for the threshold field is found for the composition near
the morphotropic phase boundary (MPB), which reveals that the domain walls
have the highest mobility for compositions at the MPB. In second order approx-
imation, the extrinsic contributions to the piezoelectric coefficient is given in Equa-
tion (23):

d, = Ad4, + AQk,E, + AGkjEEj (29a)

Assuming the nonlinearity is purely extrinsic, one has:

(d4,) = dkIlP) + AdA, + AQkIEj + AGjIkjEIE, (29b)

where (dik) is the measured piezoelectric coefficient, which include both the intrinsic
contribution, dik(d,), and the extrinsic contribution, the contribution, Adwk. Based
on the definition of threshold field strength of (dik) described earlier, we have:

(d33) -(d 3 fft) + &d33) - AQ333E, ;ý %(29c)
(d33&) A43) IE, d33(i) + A433

This means that the threshold field is inversely proportional to the ratio between
the electrorestrictive coefficient and the piezoelectric coefficient. From Equation
(15) and Equation (17), it is found that Ad33/AQ 333 is proportional to (C1 )2/(P0 C2).

S 1., .1.0
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E •o oo .T =
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FIGURE 7 Dependence of the threshold field strength and the qwpntaneous polarization on the Ti/
Zr ratio for PZT ceramics.
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In Reference 41, the restoring force constant was estimated to be greater than the
square of the spontaneous strain C, > (So) 2, and also C, > C2. Therefore, (Ad 33/
4Q 333) can be estimated to be proportional to the spontaneous polarization. Thus
from Equation (29c) one may conclude that the threshold field E, should also
increase with the spontaneous polarization. The experimental data in Figure 7
qualitatively shows this tendency. In addition, the threshold fields E, for PZT-8
and PZT-4 are substantially higher than that of PZT-5 due to the influence of
dopants on the domain wall mobility.

B. Electronmechanical nonlinearity under resonant frequency. Many ultrasonic
devices are operated at their resonance frequencies. When being driven at high
field levels, the presence of nonlinearity alters the performance of these devices.
In this section, we report some of the nonlinear effects under resonant conditions
for a PZT-501A ceramic. Figure 8 shows the complex admittance circles at different
drive levels. The outer circle (curve I) is measured at small-signal conditions, a
field level of I V/cm. The system appears to be a typical linear piezoelectric res-
onator with very low loss. AD the data points fall onto a perfect circle. The inner
circle (curve I1) was measured at a field level of 100 V/cm. One can see that the
data points obviously deviate from the small circle showing the presence of non-
linearity.

This is expected from the measurements on piezoelectric effects because the
relationship between d34 and field strength no longer remains linear under large
field, invalidating the linear assumption made in the measurement technique. It is
found that the magnitudes of d311lII( - 190 x 10-12 V/m) and the loss tangent
d3jIllj/d 31|III (0.085), which were measured at high drive levels but non-resonant
frequencies using an interferometer, are larger than those values (d3[4l- = - 176
x 10-12 V im and d'1[IJ/d 3l[I] = 0.018) measured at low driving levels. This strongly
implies that the nonlinear effects at the resonance frequency are caused by the
nonlinear increase in piezoelectric coefficients. We suggest that this nonlinear change
in piezoelectric coefficients originates from the domain wall motion since the in-
crease of the macroscopic-losses mainly arises from domain wall motions.3 When
the applied field exceeds a certain level, the nonlinear domain wall motions start
to contribute to the piezoelectric effect, and the coupling between the vibrations

el
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FIGURE 8 Complex admittance plot of PZT-501A bar measured with two different applied field
strengths. Curve 1: E, I Wo V/m a curve 11: E2q - 100 V/cm.• ,, ,, a i, ii it 4I
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of domain wall and extensional mode causes the nonlinear effects at the resonance
frequency. The field dependence of the electromechanical properties causes the
extremum frequencies of the admittance to shift as shown in Figure 9. Figure 9(a)
is the amplitude of the admittance of a PZT-501A plate, which was measured with
a spectrum analyzer. The resonant frequency f,, shifts towards lower frequencies
with increasing applied a.c. voltage, but the anti-resonance frequencies f, do not
shift significantly as reported by Uchino et al.6

Interestingly, however, when measuring the absolute value of admittance I YJ of
a bar sample with an impedance analyzer, we found that both f,. and f, shift
noticeably to lower frequencies at higher driving level, as shown in Figure 9(b),
which may imply that the nonlinearity affects certain vibration modes more severely
than to the others. Meanwhile, the experimental results could be affected by the
measurement techniques.

Figure 10 and Figure 11 show the dielectric losses and dielectric constants as a
function of frequency, respectively, under different field levels near an isolated
resonance. It can be seen that the resonance peaks of both the dielectric loss and
the dielectric constant move toward lower frequencies at the high drive level. The
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value of aditneI IqfraPZT.501A bar at two driving levels. Th solid line and the dash line
represent results obtained at field levels of E, - I V/can and E2 - 100 V/cm respectively.
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FIGURE I I Capacitance of a PZT-5OIA bar vs. frequency in the vicinity of the resonance frequency
at different driving levels.

dielectric loss in the vicinity of the resonant frequency also becomes larger for the
case of higher drive level as shown in Figure 10. It should be noted that when large
electric field is applied, nonlinear effects occur at all frequencies, hence, the di-
electric loss, mechanical loss, dielectric constant, elastic constants, and piezoelectric
coefficients become larger in all frequency ranges. Away from the resonance, the
motions of non-180* domain walls are an important cause for the changes in the
dielectric, elastic, and piezoelectric coefficients. At the resonant frequency, changes
of these coefficients will profoundly lead to the shifts of the resonance and anti-
resonance frequencies, f.,, and f.r. In addition, the mechanical quality factor Q,
and the electromechanical coupling factors K, will also be affected. The factors
controlling the shift of resonant frequency are important in ultrasonic engineering.
From Reference 28, in second order approximation, the shift of the resonant
frequency for extensional vibration of an electromechanically excited bar can be
written as:

S132[Sn11 + 9S tapA 1o4dlE 2Q 2

°= - 9r2 f Mu 32 J 31 (30)

where owp is the resonant frequency of the extensional mode for a linear system,
sft and sfij are the second and third order elastic compliance. The frequency of
the P3 maximum is also shifted by the electric field,

ET= - 4 2e (31

wvhere w," is the small-signal resonance frequency. Q is the mechanical quality factor
and a is the thickness of the sample. Equations (30) and (31) are for single domain
and single crystal system. For ceramics, there exist additional shifts of the resonant
frequencies by domain wall motion. From Equations (15)-(21) they can be ex-
pressed as:

J 32[AS11112 +9AGjz+ G wP(d3st,) + d31)2E2Q2  (32)
(-19 Sit($.) + 3S-) 32 J (SlS(b,) + AS,,)3a2

and {&, [A¶r~3 J331 + 3AH 3333 W4E 2Q2  33
f633n) + 4933 4 2(,) + Ae3)a2
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Here 6i(i,) d&(,lj), and Snmt,, are intrinsic properties. The total shift of these res-
onance frequencies are the sum of intrinsic and extrinsic contributions. The above
analyses give rise to a relationship between the shifts of the maximum frequency
and the damping constant (or losses), restoring force constants, as well as spon-
taneous polarization and strain. The results shown in Equations (30)-(33) may be
used to qualitatively explain the experimental results.

The mechanical and electric responses of a piezoelectric material depends not
only on its piezoelectric properties, but also on its elastic and dielectric parameters,
according to the constitutive piezoelectric equations." Therefore, a figure of merit
of a piezoelectric material must include its elastic, dielectric and piezoelectric coef-
ficients, which are defined as the electromechanical coupling factors (often called
coupling coefficients). The coupling coefficient k is used as a characteristic index
for the performance of a transducer. The value of k' is a measure of the magnitude
of the transducer bandwidth. It is useful to clarify the extrinsic contribution to the
electromechanical coupling coefficients and to understand how the domain wall
movements influence the coupling coefficient. Figure 12 shows the measured field
dependence of the coupling coefficient k., and the mechanical quality factor Q,.
One can see that the coupling factor, and the mechanical losses increase with the
increase of the magnitude of a.c. field. The correlation between hlic coupling factor
and Ilhc loss Il;i:h inidicatis thals 11i cxli in.iic cotilslti. iic y lills Y- it vw' y iw IHIIlill
role in terms of the electric-mechanical energy conversion in ferroelectric ceramic.
It should noted that the coupling factor is dependent on the stress and strain level,
which often show spatial variations.60

In the high temperature regime, for some PZT system, it is difficult to abstract
information on domain wall contribution from the measurement of dielectric and
piezoelectric coefficients for a PZT system.3'" The problem is that the conductiv-
ity of some PZT systems increases drastically at high temperatures just like in
semiconductors. Thus, at high temperatures, the increase of conductivity which
contribute to the lose factor could cover up the extrinsic contribution of domain
wall motions. For this reason, we have to compare the measured results from both
low and high field strength at the same temperatures in order to see the contribution
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FIGURE 12 Variation of the electromechanical coupling factor k3 t and the mechanical quality factor
Q. due to the increm of the applied s.c. electric field strength.
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FIGURE 13 Susceptance (B) v.s. conductance (G) loops for a soft PZT ceramic at two different
applied a.c. field strengths and two different temperatures.

TABLE If
Electromcchanical coupling factors, piezoelectric coefficients and

mechanical quality factors of PZT-SA ceramic at different temperatures
and field levels

T - 200C T,2300C
k1 Qm du k,1  Qu da

.... . .......o.o.o.o .. o... o... ....... o..o.....o.o. oo.. ...... o o

En 70v/em 0.418 47 136 0.36 52.4 -218
O I v/Cm 0.87 so -179 0.28 132 -1"

of domain wall motions. Figure 13 presents the complex admittance circles of a
PZT-5 ceramic resonator measured with two different applied field strengths at
two different temperatures. The radii of these four circles are denoted by B1, B2,
8, and B2, respectively. Here B; (low drive level) and B2 (high drive level) are
for the room temperature measurements, B, (low drive level) and B2 (high drive
level) are for the measurements made at T = 230*C. It could be found that the
ratio of (B1/B2) increases with temperature. The ratio of (B1IB2) is proportional
to the nonlinear mechanical losses of the ceramic resonator in the vicinity of the
resonance frequency, because the radii of these circles are proportional to the
mechanical quality factor Q,,..6 Table II lists the electromechanical coupling and
piezoelectric coefficients as well as the mechanical quality factor for different tem-
peratures and different drive levels. These results convincingly show that the in-
crease of electromechanical coupling as the temperature increases arises from the
increase of domain wall mobility.

V. SUMMARY

We have measured the dielectric and piezoelectric properties of PZT system in
several compositions at both high and low field levels. The experimental results
show that domain wall vibrations contribute significantly to the electromechanical
nonlinearity in ferroelectric ceramics. The main results are summarized as follows:
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1. A phenomenological model has been extended to evaluate the macroscopic
nonlinear parameters associated with non-180* domain wall vibrations in
ferroelectric ceramics. The theoretical description qualitatively agrees with
some of the experimental results.

2. Dielectric and piezoelectric measurements have been carried out for PZT
ceramic system at different field levels and temperatures, the results are
compared with the theoretical model. It has been verified that the couplings
between the acoustic vibrations and the movement of domain walls is an
important factor in terms of extrinsic properties of ferroelectric ceramics. It
is found that the nonlinear effects are extrinsic in nature and will easily occur
at the resonant frequency because the coupling interaction between domain
wall motions and the acoustic waves is maximum at the resonant frequency.
The piezoelectric and dielectric coefficients and losses in the nonlinear regime
are much larger than those in the linear regime. The threshold fields of the
dielectric and piezoelectric coefficients are strongly affected by the bias field,
temperature and compositions.

3. PZT ceramic with composition near the morphotropic phase boundary shows
a pronounced maximum of the non-linear effect. The ratio of c/a axes is an
important factor which affects the extrinsic properties in PZT ceramic system.
Both shifts off,,, and f, of the admittance at the high drive level due to the
nonlinearity could be evaluated from non-180 domain wall motion. It has
been suggested previously3 ' that the nonlinear effects in the resonance fre-
quency region originates from the collective resonance of domain walls. This
opinion is questionable because the resonance frequency of ceramic samples
depends on the sample size and is usually much lower than the domain wall
resonance frequency. However, since the resonance frequency of domain
walls is still a disputed topic, further investigation is required. We believe
that the nonlinear effects contain both intrinsic and extrinsic contributions.
In multidomain crystals, such as ferroelectric ceramics, the extrinsic contri-
butions play the dominant role in generating these nonlinearities.
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Flect; ir fatigue Ks a ninjor ob~stacle for somec potential appli- the remnanti polarization was reduced to half of its original
cattionis of fcrro( kttirlc materials based oil revers~als of spon- value af;rtr 5 X I0W switching cycles. lu)cy concluded that the
taneous pIolarization, such as niciniory devices and high patterns of thc electric field, file types or electrodes. and the
stralin actuators. Our studies orfline-graiamcd hot-pressed ambient coniditions had no significant effects on the fatigue
lead zircrinate tilaisate witls lanthanum dopant (PULT behavior. Stewart and Cosentino' also reported an interesting
7/68/32) show that fast fatigue Is actually caused by con- result: when a fatigued smiple was heated above the paraclec.
laminated suirfaces histead of intrins~ic structure deteriora- tric-fcrioclcctric phase transition temnperature T',, the properties
( ion oi- thle chmangc of domain states. All or the sptecituens could be restored. Contrary to Stewart and Cosentino, Fraser
with coii~voiionally cleaned surfaces showsed significant and Maldonado' also studied the same La-doped PZT ceramics
fatigue after 101 switihbing cycles, hutl specimens cleaned and reported signiificant effects of electrodes. 'Ilicy found thiat
with a new vdeatidiig procedure did nut fatigue even after when indium was used as thc electrodec material inistead of gold
mlote thmat, 101 switchlug cycles. This type ofr atigue is found or silver, there %v'as still 85% of the original icninaut Polariza-
to be (fie to generated mnicrocracking at tfie ceranuic-ehlec- tion left after 10' switching cycles. but fatigue occuiTed mluch
trodc interface, raster wlieii using lead, aluminum, gallium. silver, and gold as

electrode imaterials. Carl" observed significant degradation in
1. Introduction the La- or Min-doped PbTiOl ceramics; after otily a few thou-

sand switching cycles the polarization dropped to 30% of its

M tANY applications of 1erioclectric miaterials, such as sorte original valuc together with some increase of the coercive field,
J~piczo~elcctic, clectrooptical. anid electrostrictive devices, and some cracks were also observed under SEM on surfaces of

involve repeated reversals of polarization. One critical limita- thre samples.
tion on the perforamance of these devices is fatigue associated Although (lie fatigue phesnomena in fen-oclecta-ics have been
with repeated electrical cycling. Fatigue in ferroclectrics studied for over 30 year, their origin is still not clear. Some

* imainly refers to the degra.dation of ferrocelctrie properties upon possiblc causes of fatigue under high ac field are (1) the gradual
reptated reversals of polarization, which appears in the hystere- reorientation of domains into a more stable, i.e., minimum-
sis loop in the form of a decrease in remnant polarization (P',) or renetgy, configuration;" (2) injection of charge carriers into the
&-iturated polarization. (P.) and is often accompanied by an ferroelectrics which provide pinning for domain wall move-
increase of the coercive field (EJ. went;' (3) structural inhomogecnily which produces traps for

In 1953, McQuarre' first reported the time dependence of domain walls, reducing domain wall mobility;* (4) the appear-
the P-E hysteresis. loop in a BaTiO., ceramic. lie found that ance of microcracking caused by the large change of sgrain dur-
after several weeks or switching at 60 Hz, the square-shaped ing switching.'"" _ --. - - .

* hysteresis loop was changed to a distinct propeller shape with a Despite the fact thiat the fatigue effect is the key factor which
noticeable decicase in both the maximum polarization and the prevents some potential applications of ferroeilectries, very few
remnant polarizalion. Menz and Anderson' studied fatigue conclusive results have been published. In addition, those pub-

*behavior in a flaTiO, single crystal. A gradual reduction of the lished results by different investigators are often in contradic-
polarization after a few million switching cycles was observed tion, and there are no explanations for these discrepancies.
and the fatigue behavior was related to the wave patterns of the T7herefore, a systematic study of ihis subject is needed in order
electric field (sine wave or pulse train wave). The ambient to understand the origin and mechanism of fatigue behavior. We
atmlosphere was also reported to have an effect on the switching report here an extensive study of the fatigue behavior of a

*stability of lDaTiOl single crystal.? A loss of squareness of the La-doped lead zirconate titanate (PLZT) ceramic system. The
hysteresis loop was observed when the crystal was switched reason for choosing a PUZT ceramic system is because of its
under vacuum, N2, 113, or lie gases. However, the deteriorated relatively low coercive hield, large polarization, and square-
hysteresis loop could restorc its original shape under ac: cycling shaped hysteresis loop. Moreover, hot-pressed PUZT ceramics
in 01, or in dhy air. are transparent and are almost pore free, which can eliminate

Fatigue experiments were also carried out on other ferroelec- the structural complications in a regular ceramic, leading to
tries in the 1964s. Taylor studied fatigue phenomena in 24 some understanding of the fundamental aspects of fatigue. In
compositions of niobium-doped Pb(ZrSn.Ti)O, ceramics tand this paper, the focus will be on the effect of surface contamina-
dis~covered that the fatigue rate depended on the composition, lion on the fatigue behavior. Inconsistencies reported in some,
Contrary to Ref. 2, he found little difference in fatigue behavior previously experimental studies can be explained in terms of
when the aic electric field pattern was changed from a sine wave different surface conditions.
to ok pulse tVain wave. A more detailed study of fatigue in La- or
Bi-doped PZT ceramic" was carried out by Stewart and CoAe-
tino.s They showed that the polarization decreased rapidly, and U. Experlnaefa! Procedure

Lanthanum-doped lead zirconate titanate ceramic specimens
were fabricated from mixed oxides by hot pressing. The com-

A. V. Wwik--4vfbtiogedil position used in this study was
Conventionally, this formula is simplified to the form 7/68132

Msm (No. 195105. a cIved Matt 1.9I; sppwwvd Much 12, M. according to the mole tratio of LaMZIT. T1he aveirage grain size
Mi Offc ael weasc ~~N. about 5 iim. At room temperature 71M8/2 is in a fhombo-

* Umbe',AmectaCeamk~oddy- hedral phase. Samples were first cut into platelets with areas of
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aba isl O i0mm, and thit korssc% if) Ih1C Iaige of ISO-.300 11in. 1?
aid Ihlcli ant.icdc( ai (,)UO'C fo r 2 h it ivclcae the ,n•chaical (a)
Mts L'.nca tlcd dna illg tie tllting, gainatlilig, and )lpisl•n.g

"I'live t i f iv .iiC nt s rt.ict kcI e rc 1( p la+Cp:a (a) jiound by 3 -I.li
"hlNasi ve, (b) polished by F-lam diamond pasle, (c) c€'hed in 0 8
1I1,110 atid for 2 min at 140"C. In the conve'ltional (leaning
procetdire, olganic solvenits (alcohol or actolnc) were used to 0.6
I ihs.i the sainplcs a.nd then the samples were dricoi in air at room 4

lemlciraturc. An improved cleaning method usced in our Clx:ri- 0.4 - Giound
nients is described as follows: first the sanipIcs were cleaned .± -- PolishA

by conventional pro'edur-, then thcy wecj further cleaned . 0.2 Eldl
ultrasonically in alcohol solvent, and finally the samples
were heated in a furnace for I h at 500-600C to bum off , 00
thc organic solvent. Gold elctrodes were sputtercd onto the 1 0o 2  0 .. to4  t°0 10 Io7
samplc surfaces.

Tihe propetties studied hcre are the rcmnant polarization Pc, 2.0
the maximum polarization P., the coercive field E,. and the V
dielectric constant r of (lie depolcd state. A high-voltagc sine T
wave ac field was used to switch the polarization, and the
hystaeisis loops were measured through a conventional
Sawycr-'rowcr circuit and a Nicolet 214 digital oscilloscope. " 1.5

"The temperature dependence of the dielectric constant was e
measured with a Hewlett-Packard 4274A LRC incler, and the ,
tempcinturc was measured using a Fluke 8502A digital multim-
cecr. l1c heating rate was sct at 3°C/rin. - 1.0o

Ill. Results and Discussion

(1) Fatigue its PLZT Specimens Cleaned by Con rentional 0.5 0 .1 . . . 106 0o

Procedure 12 13 1 0

In order to compare the results from different specimens and Switch;ng Cycles
to emphasize the changes of the measured properties, the rela-
tive polarization and the coercive field are used in this paper, Fig. I. Changes of the relative remnant polarization P, (a) and the
they represent the percentages of the polarization and coercive relative coercive field E, (b) with switching cycles for a conveMntionally

field with respect to the initial polarization and the coercive cleaned PZT 7168132 specimen. Test frequency is 10 Hz.

field obtained at I0W or 10' switching cycles. rigure I shows-the
typical results obtained from specimens cleaned by conven-
tional procedure. One can see that fatigue started at about I0' experimental results tell us that the fatigue shown in Fig." I is
switching cycles, and proceeded very rapidly between I0C and purely extrinsic, i.e., resulted from an improper cleaning
10' cycles. The remnant polarization P, dropped to 30% of the method. The actual lifetimes of PUZT 7/68/32 ceramics with
initial values after 10" switching cycles. The changes of the grain size of 5 Im are much longer than those shown in Fig. I
maximum polarizations, which are not shown here, exhibit a and are not affected by the surface roughness.
similar behavior as the reniant polarization P,. Figure 2 shows (3) Fatigue Originating from Surface Contamination
typical hysteresis loops before and after the fatigue test,
observed from a sample with ground surfaces. The coercie (A) Deterioration of the Ferroelertric-Electrode Interface

fields E, also increased with switching cycles. There is a direct under High ac Field: In fatigue experiments the possible
correlation be~tween the chares of E, and P,; i.e., while the sources of contaminants are abrasive residue from the grinding

polarization decreases, the coercive field E, increases, which is process, residue of solvents (water, alcohol, or acetone), water

consistent with the results obtained by other resi-rhers.""" in the air, residue of the bonding glue, and skin grease from

We found that the ground sample fatigued earlier and faster than finger touch. Without further cleaning these residues are left on

the samples with polished and etched surfaces. he1 same the surfaces of specimens. being sandwiched between the sam-

experiments were also carnied out using a sine wave field at ple surface and the electrode, producing a poor interface con-

other frequencies. No apparent changes were observed for fre- tact. The effects of solvents and skin grease were further

qucncies less than 600 Hz. Curves (a) and (e) in Fg. 3 show the
weak field dielectric constant as a function of temperature for a

sample with polished surfaces berore and after the fatigue test, iF/cmI
respectively. One can see a substantial decrease of the dielectric -40
constant in the fatigued sample. Samples with the other two
types of surfaces exhibit similar results which are not shown
here. -12 (b)

(2) Fatigue in PUZT Specimens Cleaned by Improved 21 4

Procedure
Figure 4 shows the changes in the polarization and the coer-

cive field with switching cycles for samples cleaned by an
improved procedfre described in Section If. The experiments
wer cared out at a frequency of 100 H& Samples with all .... . ....
three types of surfaces did not show fatigue even after 10' Fig. 2. "llpical hysteresis loops after I0' (a) and 3 X IV0(b)'swit•--
switching cycles. We found that the hysteresis loops recorded at ing cycles for a conventionatly cleanod PLZT 7/68/32 samp with

0' and 2 X 101 switching cycles am almost identical. These pround surfuces. Test frequency is 10 HLz
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-' ~ *,~- w;I~lict in Natcr miid act~one, theni (tried in air at room Icipllwa-
I nii; (C) SanI1e1 3 WaJs W~iliCd ill W~gtiC anld. acetone, tllenI lke.1t

*~~~ 1KtCatctl inl a ruuiilacc at RUTf for I It.
lignic S khows file results front fatiguec tests Onl these dircc/ samples using a 300-. .z sine wavc ac fkied. Thei rcmnlant polar-

r 120-1Z,1C of samnple 3 did wit (leceras at all after 301 s%%itcIiiiig
~ t?~iO Icycles; onily P*, iiictcawcd slightly (wc note that in all tchcled

t- t'.9 samples, F., shows a slight incicase at the beginning and then
C .A%.becomes stable). P. of sample 2 fatigued to 85% of its initial

4le value after 10' switching cyclcs and E, increased about 18%.
*b ..000.. Sample I was thc worst among the three samples; its P, reduccd

600 to 30% of thc initial value and E, increased 50% after only 2 x
LI0r cycles. Heating PUT1 ceramnic samples to 500*C after

washing had two e!Tcccs: (1) burning off tie organic residues on
the surface, and (2' ;elcasing, bulk and surface stresses. Since

Ot ~these three samples were already hecat-treated at 600*C for 2 Il to
-60 30 0 30 6 90 20 to ~ release stresses before the surface preparation described above,Temer0w -30 0h0 6 0 12 5 1 eatinig sample 3 to 500*C for I h after washing should not haveTempeolut VC)changed its properties except to burn off solvent residues onl the

PIFg. 3. Temlicnatume dc1l..dc ince of tfie dielectric constant it) dcpolcd sampleA sil faces. Since thle three samlples with, the samne etchedjta~e rttr a conivenmtiolully c-leanecd xamnple with) poIilishd surfaces: (a) surfaces differed only in surface ticatinciets, thle discrepanceis
fatigutle sanipiltc; (b) f.1ligtmech sample after heat treatincent at 30Tt (M 3 in thle fatigue results can be cxplained only in) terms of the dif-Ii; (c) fatigued sample after hecat ticatment at 600T for I It; Md a feiewi degree~s of surface contamination.
IS- jun-thick layer was Froin~d off fromn each side of thec sammple; (c) Experimenits also indicate that fatigue is initiated at thercsuw,ý fjiom a -Ji-gin nttwiatigued sample. ccrarnik-clectrodc interface. Possiblc explanations for what

might have happened at the interface are the following:"2" (1)
electrochemnical reaction, such as ionization of contaminants

examined it-- the following experiments. First, thie samples were and field-induced chemical decomposition near the sample star-
etched by 113 M0 acid to remuove a thinl layer from thme surface face; (2) corona-high voltage can ionize water and organics,
which might contain abrasive residue and skin grease. Then the causing partial discharge which leads to a time related continu-
following surface treatments were given to threc different sam- ous degradation of the dielectric property; (3) a contact detcrio-
ples: (a) sample I was washed in water and acetone, and then ration effect-residue of solvents and skin grease prohibit
both surfaCcs were rubbed with fingers; (b) sample 2 was direct contact of the metal electrode with the sample surface,

resulting in poor contact. Partial failure of the electrode was

i(a)1.
* 1.0WI(a

~- 0.9

U9 0.6 0 Ground a
~9-.-- Polished0.

0.74-- Etched
o.4

*4 0.6 
0-

13 104 10~ 5 o 1( Is to9

1.6

(b) 2.0
1A "To-0 Sernpial (b)

11 1.5 - - - S am ple 2 i

15 0

10. 3 104 10 10 105 10t .1OM Vi ~ 107 .105 log

Switchimlin Cycles -.- SwRtchiks Cycles

F~.4. Relatve polarization (a) mad t he eltve coaive "il (b) Fg. S. Effemt of owontamuaims on the ataigvcl bellavice Sample I
Va suswltdiin cycles, mepectively, br a specimen cleaned by am was contaminated by solven ad sAin gleas; samnple 2 was c0OWtarel-
bnyproved pnoednue. 1T.a fequelicy is100 lHa. nated by sdvolna sample 3 was cleaned! by an WPMove PrOced11111.
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- .4. ~ ~ -. s-imiple stiifaces wa.giound ott aimd tlh saijmple wa% re-ceke-
llotiode uswi fg thle putic I inig eChnfile *I)- he ineasI ed rcs.ul S are
shown ini Fig. 3. ciii ye (if). No fin ther improv-enwint was
al aicved. The hirgh licid prolx'rtics, ix, fihe remnilant polai iza-
11(111 P, andtil kolici fbIi~c id E_. %%,Ci also nieasulic after each
healing, rc-lcdicoodinr, and thinning (T.1W~e 1). One can reach

*~tile same coitclusion fiom (tie results in Tabile I as fiont the
re~sults of weak field dielectric measiircnacents. Thc dielectric
and polaea/ation incasurenientis were also performed in a samn-
plc with a thickricss of 700 11.11; fatigue was observed after 2 x
IVA cycles. I lo%%cvcr, it was found that the dielectric constallt
and tile polai ization could almost be aestoried to their initial val-
uecs after a 150- jLmC layer was ground off forom tile sample sur-
faces. *Ilic cixtrimerftat rcsults isidicatc that fatigue damage
propagated fairly deeply into the interior of the sample after
mnorc thain I C switching cycles (note lthe damage was only ncar
thie surface within I0W cycles).

Prcviously, f~atigue in fcrroelectrics was explained as due to
thc stabilization of domain wl,--'which can be recovered by

M1g. 6. S1EM photograph taken fiom the clectroded surfae of a heating thie fatigucd sample itnto the paraclectric phase.'- In our
faftigued samrple. Pair of the electrode %as peeled off front tile sample expoiimntcns, total recovery did not occur cven after the
sug face duiting lthe switching process. fatigued sample was heated to as high as W00C, 470'C higher

thi ni the Curie temperature. Hience, the fatigue that we have
observed cannot be due to dlomain wall pinning; instead, we

directly observed under SEM on the electroded surface of believe that intcrgranular inicrocracking is responsible for the
fatiguedl samples as shownt in Fig. 6. nonrecoverable fatigue initiated by surface contamination.

(B) MNature of the Fatigue: Famtigue caused by sut face con- Scanning electron microscopy was performied on a fatigued
lamination started at the sample surfaces %%here. high field con- sample (rig. 7(a)) and a nonfatiguerd sample (Fig. 7(b)) with
ccritrations occurred. In order to see if thfe fatigue damage ground surfaces (tile samples were etched using II,P0, acid to
extended into thfe interior of lthe ceramic with a prolonged remove gold electrodes). On the micrographs in Fig. 7(b), we
switching time. we ineasured the bulk diclectric constant as a can sec sonic grinding damage aid etch-pits for the nonfatigued
function of temiperature. The sample thickness was 200 jim and sample, while for the fatigued sample (Fig. 7(a)) the majority of
thle mecasuremients were done at I -kilz frequency. The niaxi- the grains do not have grinding damage or elch-pits. T1his tmeans
mnurn temperature in the ineasurement was 190*C, which was that a whole layer ovcr these grains was pulled off during etch-
above the Curie temperature (I 30*C for PUZT 7/68/32). The ing, which indicates that the bonding between grains was weak-
iesulIts are given in Fig. 3. One can see a drastic decrease of the ened in the fatigued satmple near the surface. In addition, some.
dielectric constant in the fatigued sample (after 2 x 10'
cycles), especially close to the Curie temperature region (curve
(a) in Fig. 3). Tabletl. Comparison ofthe Remnatit Polarization and the

Different heat treatments were applied to (his fatigued sam- Coercive Field for a PUZT 7/68/32 Sample under [Different
ple0 to see if thle fatigued physical pr-opeirties could be recovered. Treatments
Curve (I,) in Fig. 3 is the temperat .rc dependence of the dielec- Rwa
tric constant measured after the fatigued sample went through a patarifiatnim Cmrcive ficid
heal treatment at 300rC for 3 ht. Only partial recovery was tsaWco") (M~cm)
achieved. Thie sample then experienced further beat treatment Before fatigue 27.0 5.0
at 600*C for I h and further improvement was observed as After fatitue 6.0 6.8
shown in curve (c) of rig. 3. However the dielectric constant After 190 C heating 11.5 8.0
still did not recover tu its tnitial value, which means that part of After 300*C heating 19.2 10.4
the damage is permanent. In order to investigate the depth of After removhating5jmfrmechsd 22.4 7.3
the damage fromn the surface initiated fatigue, 15 jIm atI difeeeoa o 5jmfo ac ie 2. .

Fg.7. SEM miemap tae Ms a fatigued sanipl (a) and a sonfaigued ampile (b) atrw chemical! etching. Etch-plits wmr not foud on the an-
face Of lMe rattedapl ecae an nouemmed AyIer was etched off.
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SJPI.Z:1 7/09/32 ceraniiics with a praiil sie of 5 Itoi'. It
ýA~ was founddtlat dhe uliserwcd Latigtieoccuticd iluitht 10' switch-

e t. hi g cyceIs ;%rd was% caused by witfacc contaiiniial Iiou. \Ve
sur~gest that theC fatigue initialed by Sut fzcc coIit aniinat ion ill
hit picssed I'1Y11 7/08/32 cefatiiics is thi tgli Iinicioctiackitg

0! ~at the boutidat ies of' the sw lcictch and nonswitlubd regions niear
thc ceraniic-cl~ectrodc initrface, which progicssivcly extends
into the interior of the cesiamic with prolonged switchinig.

heconventional cleaning method has proved to hc inappro.
ptiate for sjpeciincics used under high ac field. Ani imnproved
cleaning psocedure descuibcd here can climinalc fatigue for at
least lOW switching cycles, which is a very encouraging result
fur some potential applications based on polarizat ion reversals,

Contuary to some reported results." we round that fatigue
damage is permanent, although it is only limnited at thc surface

-2001Am regionl 8t the beginning. Some physical properties of file
faftiued sample call be partially recovered through thermal
ticatment; however, complete recovery is not possible.

Fig. 8. Optical rnicrograihi taken front a fatigued samnple with trans- Acknowledgmnstt: We Aish todthank the Shanghai Institute or Ccrant
mission light. Tlic opacity indicates the degree of micchanikal dainagc ics. China, for piovidiing the PLzr samnples.
or stress eoncentrations. The transparent regions ame nonfatigued por-
tions left inl the sample.

minor cracks around grain bounudaries are visible in Fig. 7(a),
but large cracks were observed neither oit thie surfaces nor ont Referenices
the cross section of (lhe fatigued sample. Im.hi.NcQuartie, -reime Effects in the Hysteresis Loop of lNtycrystalline Bar.
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GRAIN SIZE DEPENDENCE OF ELECTRIC FATIGUE BEHAVIOR OF HOT PRESSED

PL2T FERROELECTRIC CERAMICS

Qiyue Jiang, E. C. Subbarao, and L.E. Cross

Materials Research Laboratory

The Pennsylvania State University

University Park PA 16802

ABSTRACT

The decrease in remnant polarization, Pr, and increase in coercive field, Ec, of
ferroelectric ceramics subjected to a large a.c. electric field is termed electric fatigue. In

transparent hot-pressed lanthanum doped lead zirconate titanate (PLZI) ceramics, electric

fatigue was not detected even after 109 cycles when grain size is small (-5 pim) but became
increasingly severe as the grain size increases to 10 pm and beyond. The electric field causes

large strains (. 10-3) due to the anisotropic piezoelectric and electrostrictive coefficients of
the material, which results in intergranular microcracking due to incompatible deformations.

The effective field on a grain in a cracked sample is less than the applied field, limiting

domain switching and polarization. The microcracking occurs only in the electroded, fatigued
region of the sample and is initiated on the high voltage terminal side. The microscopic and
acoustic emission data support the proposed mechanism of electric fatigue. An estimate of the
critical grain size for microcracking due to electric stress, based on energy criterion, is in
good agreement with experiment The process of crack growth during electric fatigue is also

elucidated.
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I. INTRODUCTION

One of the chief characteristics of a ferroelectric material is the existence of a hystere'I'

loop, arising from changes in polarization under the influence of an applied a.c. field. Four

decade ago, McQuarrie [1] reported changes in the shape of the hysteresis loop (i.e. in

remnant polarization, Pr, maximum polarization, Pm, and coercive field Ec) when the electric

field is applied for a long time (i.e. many cycles) and the phenomena is named 'aging' or
'electric fatigue'. This is attributed to the various impediments to the free, easy domain wall

motions [ 1-4]. This effect severely limits the long term reliability of ferroelectric and

piezoelectric ceramics in high strain applications such as electromechanical actuators and in

thin film non-volatile memory devices.

Fracture behavior is exhibited in single phase ceramics due to elastic anisotropy when

they are subjected to cyclic mechanical stress or due to thermal expansion anisotropy under

the influence of temperature cycling [5-7]. Various factors influencing fracture behavior of

ceramics due to cyclic mechanical and thermal stress have been studied, including the

importance of grain size, phase transitions and pores [8-11]. In the case of ferroelectric

ceramics of concern here, application of an a.c. electric field over a long period can also lead

to electric fatigue. Though some investigations have been carried out on electric fatigue of

ferroelectric ceramics [12,13], covering the wave character of the applied field (12], types of

electrodes [ 12,14], ambient conditions [ 12], restoration of decayed properties though

annealing [12] etc., there appear to be some contradictions. Therefore a comprehensive study

of electric fatigue of PZT and PLZT ceramics was undertaken [15], which included the

effects of surface contamination [16], porosity [ 17], composition and temperature. The

present paper covers the influence of grain size on electric fatigue behavior of hot pressed

PLZT ceramics.

Ceramic PLZT was chosen for this study because of its relatively low coercive field,

large polarization and square hysteresis loop. Hot pressed PLZT ceramics are transparent,

nearly pore free and thereby some of the complications present in conventional ceramics are

avoided. The effect of grain size on electric fatigue and the estimation of critical grain size are

emphasized here. The process of crack growth during electric fatigue was investigated. A

mechanism for electric fatigue based on large anisotropic deformations is suggested.

2. EXPERIMENTAL

2.1. Specimen Preparation

The hot pressed lanthanum doped lead zirconate titanate, PIZI' 7/68/32 (mole ratio of
La/TZ'i) samples were obtained from the Shanghai Institute of Ceramics in China.

According to Li et al[ 18], the preparation procedure consists of the following steps: for the
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preparation of powders, the citrate solutions of the different elements (Pb, Zr, Ti and Lji

were prepared and the elemental concentration in each solution was determined. For the

desired oxide composition of the formula Pbo.93Lao. 07(Zro. 68Tio.0. 32 )0.98250 3 the required

volumes of the different citrate solutions were computed, measured and mixed. The mixed

solution was sprayed into alcohol. After coprecipitation, the precipitates were vacuum dried.

thermally decomposed and synthesized, resulting'in a highly dispersed, homogeneous. active

powder. Green bodies of cylindrical shape were formed from these powders by isostatic

pressing and finally hot pressed at a temperature of 1200 oC for 20 hours under a pressure ot

200 kg/cm2 . Lead loss during hot pressing was compensated by including excess PbO

during baking. The hot pressed ceramic specimen was cut into slugs and the slugs were

heated at temperature from 1340 OC to 1370 OC for 72 to 288 hours to achieve grain growth.

The reheating at temperatures 140-1700C higher than the hot pressing temperature did not

lead to changes in porosity, density, grain boundary thickness or crystalline habits. The

original hot pressed sample has a grain size of 5 gm, which increased to 10, 18 and 25 gm

as a result of the heat treatment.

2.2. Electrical Properties
The surfaces of the ceramic specimen ( 150-300 pm in thickness) were carefully

cleaned using an improved procedure to avoid fatigue induced by surface contamination [ 161
and finally electroded with sputtered gold.

The properties studied were the remnant polarization (Pr), the maximum polarization

(Pm) and the coercive field (Ec), as a sine wave of 100 Hz was applied to switch the

polarization. Using a conventional Sawyer-Tower circuit, the P-E hysteresis loops were
recorded on a Nicolet 214 digital oscilloscope. The polarization and coercive field were

calculated from the measured hysteresis loops. The transverse strain due to the application of

an a.c. field, the same as in polarization studies, was measured by a foil type strain gage
(Kyowa KRF-02-CI-11) bonded to the sample surface with a suitable gage cement. The
resistance of the strain gage changes with the same frequency due to its dimensional change
caused by electrostriction of the sample. The resistance changes were converted into
corresponding voltages and recorded on a Nicolet 214 digital oscilloscope, simultaneously
with the P-E hysteresis loops.

The I-V characteristics of the virgin and fatigued samples were studied using a HP
4140B picoammeter to sweep the voltage and measure the current.

2.3. Microscopy
The surfaces and fractured faces of the fatigued samples were observed by Scanning
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Electron Microscope (SEM), while the changes in the bulk of ceramic were studied using an

optical microscope, taking advantage of the transmitted light through the transparent PLZT

ceramics. The gold electrodes had to be removed by chemical etching or polishing before

microscopic examination.

2.4. Acoustic Emission

Acoustic emission (AE) which detects elastic waves generated by sudden deformation

in stressed material was employed to study the fatigue behavior of PLZT ceramics. A R 15

sensor which has a sensitivity of 0.33 millivolts/pibar at the 100-500 Hz frequency range

was bonded to the sample with vacuum grease. The acoustic signals from the sample were

converted into electric signals, amplified, filtered and processed through a LOCAN 320

computerized acoustic emission system and finally displayed on a screen or printed on a smip

chart recorder. The ringdown counts which is the number of times the AE signal exceeds the

threshold are employed to observe the cumulative counts and count rate as a function of time.

3. RESULTS

3.1. Electric Fatigue
The normalized polarization and coercive field of hot pressed 7/68/32 PLZT ceramics

of four different grain sizes is shown in Fig. I as a function of the number of switching

cycles. Clearly, PLUT ceramics with the smallest grain size (5 pm) does not show fatigue

effect even after nearly 109 cycles, while Pr and Ec are affected markedly in ceramics with

larger grain sizes. The start of the degradation occurs at lower number of cycles, as the grain

size increases. In order to make a quantitative comparison of the fatigue rates, a parameter

C(Pn ) is defined as the switching cycles when the normalized polarization equals Pn ( 0< Pn

<1). Such Pn parameters are listed in Table I for three grain sizes and three Pn values,

deduced from Fig. 1. The fatigue rates vary by I to 3 orders of magnitude for different grain

sizes.

The strain in the fatigue process was measured in the specimen with a grai size of 18

gIm, together with the corresponding polarization (Fig.2a). The strain-field curves for the

same sample at the beginning and end of the fatigue experiment as shown in Fig.2b. The

strain as well as polarization decrease rapidly with increase in switching cycles.

The fatigued samples were heat treated at 300 OC for 2 hours. However the electrical
properties were not fully restored by heat treatment (Table 2), through there was partial

recovery. During a repeat fatigue test on the heat treated sample with 10 gm size grains, it

showed a faster fatigue rate than in the previous fatigue test.
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3.2. Microcracking

The scanning electron micrograph of a fatigued sample with 18 pim gains (Fig.3a)

shows that the grains were loosely connected with each other and some pull-outs occur near

the surface but no transgranular cracking is evident. On the other hand, the micrograph of the

fractured surface of the same sample (Fig.3b) shows mainly transgranular fracture with some

intergranular cracking near the surface region. Under transmitted light, the optical

micrograph distinguishes the electroded, fatigued area (shaded portion) from the

unelectroded, unfatigued area (white portions) in Fig.4. The fatigued portion became only

partially transparent since light appears not to go through grain boundaries, perhaps due to

grain-grain separations resulting from intergranular microcracking. Further, it was observed

that the cracked layer due to intergranular cracking exists near the high voltage terminal side

and does not extended through the body, consistent with the scanning electron micrograph

(Fig.3b) which shows that intergranular fracture does not go through the thickness direction.

The occurrence of microcracks during the fatigue test on a sample with 18 pm grain

size is further corroborated by the extensive acoustic emission activity detected in this sample

(Fig.5). The acoustic emission counts observed soon after the application of the ac. field are

due to the macroscopic cracking occurring near the edges of the electrodes.

4. DISCUSSION

The electrical, microscopic and acoustic emission study clearly shows that electric

fatigue is absent in PLZT samples with small grain size (-5 gm) and increases in severity as

the grain size of PLZT samples increases (>10 lim). The micrographs and acoustic emission

further demonstrate that the enhanced fatigue rate in large grain PLZT ceramics is due to

microcracking. Though the relationship between electric fatigue and microcracking in

ferroelectric ceramics has not been investigated earlier, the role of electric field on

microcracking of these materials has been studied and is summarized below.

4.1. Origin of Microcracks

Microcracking in single phase conventional ceramics can result from internal stress

between grains due to incompatible strains produced by phase transformation [ 19], thermal

expansion anisotropy [5-7, 20-28], elastic anisotropy [24,29], thermal shock etc.[30]. In

the case of ferroelectric ceramics, microcracking due to phase transition and thermal

expansion anisotropy in BaTiO3 [10] and PbTiO3 (9,321 has been studied and the role of

grain size [9, 11, 311 in this connection has been examined. In addition, stress

concentrations during poling of ferroelectric ceramics particularly lead zirconate titanate

(PZT) ceramics, BariO3 and PbTiO3 by large dc electric fields can also cause microcracking
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[8. 11, 13, 33-42]. One of the characteristics of piezoelectric and ferroelectric materials iV the

large deformation (>10-3) under applied electric field, which makes these materials excellent

transducer and actuator materials. This strain is near the failure strain (-10-3) in conventional

ceramics [431. The piezoelectric and electrostrictive coefficients are anisotropic and therefore

electric stress causes non-uniform deformation depending upon different orientations of the

grains.

Thus, microcracking in the fatigue process in large grain PLZT ceramics could result

from incompatible deformation of grains under large electric field. As can be seen in Fig.2b.

a large contraction (-10-3) in PLZT sample can be produced by applied field due to direct

piezoelectric and electrostrictive effects. Since piezoelectric and electrostrictive coefficients ot

crystalline solids are anisotropic, the strains produced by these two effects are also

anisotropic and can be expressed by

Xij = dmij Em + Mmnij Em En (1)
where x, E, d and M are strain, electric field, piezoelectric coefficient and electrostrictive

coefficient, respectively.

In the PLZT polycrystalline samples, each grain is surrounded by other grains which

have different crystallographic orientations; the orientation mismatch of grains can give rise

to incompatible deformation when a large electric field is applied, which in turn generates

internal stress between individual grains. When these stresses exceed a certain value,

microcracking takes place in brittle solids to relieve the strain energy. The intergranular

microcracking observed in the present work often results from changes in the shape of

individual grains [8]. In the present study, microcracking was strongly dependent on grain

size; it did not occur until a critical size (5-10 pim) was reached and became more severe with

increasing grain size.

4.2. Critical Grain Size for Microcracking

The grain size dependence of spontaneous cracking in ceramics due to thermal

expansion anisotropy or phase transformation has been studied ectensively [8, 9, 20-25,

281. There are several models to predict the critical grain size above which the spontaneous
cracking can occur. Clarke [20] proposed a 2D energy model for combined effects of internal

and applied stress on strength; Davidge and Green 1441 gave a 3D energy model for cracking

around second phase particles; Cleveland and Bradt 1231 presented a model based on an

energy criterion to calculate the critical grain size for microcracking in pseudobrookite oxides

due to thermal expansion anisotropy and the results were in good agreement with the

experimental observations. Since microcracking in our experiments is due to the anisotropic

changes in the shapes of the individual grains, the energy criterion model is adapted and
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modified in our work.

The energy criterion for microcrack formation is based on the necessary, but not

always sufficient, condition that when internal microcracks occur, the released elastic strain

energy must equal or exceed the energy required for the formation of new fracture surfaces.

When microcracks form, the anisotropic strain energy (Ua), which is a volume function, will

be converted to fracture surface energy (Us), which is an areal function. The energy equation

can be expressed as:

Ut = Uo - Ua + Us (2)

where Ut is the total energy of the system and Uo is the energy of the unmicrocracked body.

The total energy of a grain is:

Ut = Uo - Ea 13+ gb 12  (3)

where Ea is the average anisotropic energy per unit volume, gb is the average fracture surface

energy per unit area, 1 is the average grain size. Differentiating equation (3) with respect to I

and setting it to zero yields the critical grain size; 1c:
I (4)
3Ea

The anisotropic strain energies in PZT and PLZT 7/68/32 ceramic systems are mainly

produced by piezoelectric effects, and can be expressed as:
_- sX2fIcx2Ea22I

= I c ((d33 -d31)E)2  (5)

where E is the electric field. For PZT and PLZT ceramics with compositions close to

phase boundary, CDel = cD22 ~ 14x10 10 N/m 2 [45]; d33 - 800x10"12 m/v, and

d3 1=d32 ~ -40OxlO- 12 rn/v which were measured at large electric field (E =15 kvicm). Here

we choose C=CDI 1. Substituting these values in the qquation (5) results in:

Ea-- 2.27 x10 5 N/m 2.

The gb may be approximated from the fracture surface energy gpc of polycrystalline ceramic

by taking gb - 2/3 gpc, because the atomic bounding at grain boundary is imperfect [43]. The

Sin PZT ceramic system is 4 J/n 2 according to Pohanka and Smith [46], resulting in gb -

2.4 J/m2. Substituting Ea and gb value into Eq. (4) gives:

2= , = 7.05x10-6 m = 7.05 gm.lc=3Ea

This value is in good agreement with the experimental result; when the grain size was larger

than 5 gam, microcracking occurred. The critical grain size can be used to predict fatigue

behavior and is a limiting parameter in designing reliable devices. The reader should be

aware that since the calculation of the critical grain size is an approximate estimation, and

does not consider the effect of the physical defects, such as pores and microcracks which
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may already exist before the field is applied, the critical grain size for rnicrocracking in real
situations may be somewhat lower than the calculated value.

4.3. Crack Growth in Fatigue Process
Microcracking due to thermal expansion anisotropy or dielectric stress during DC

poling can relieve the strain energy and relax the internal stress. However, in the case of AC

field switching, the situation is complicated by cyclic deformation of grains at a certain

frequency. The noncracked grains experience the full magnitude of the applied field and are
therefore switchable with the field, while grains containing microcracks see a lower effective
field because of the voltage drop across the cracks, if the cracks are perpendicular to the

applied field. This lower effective field may not be large enough to switch these grains.The
enhanced dielectric stress concentration at the crack tips can result in severe incompatible
deformation near the tips of the cracks. As can be seen from Fig.4, this dielectric stress
concentration greatly promoted the cracks to grow perpendicularly to the field direction until

the cracks spread all over the electroded region. similar to the observation on poled PZT
ceramics [33]. In the large grain samples (>1O0im), it was observed that the cracked grains
formed a layer which was almost parallel to the surface; this layer was closer to the high
voltage terminal face. The measurement of the current as a function of voltage shown in
Fig.6 indicates that the resistance of the fatigued sample did not change even after the
fatigued sample was soaked in warm water for 24 hours, which proves that microcracking in
large grain samples did not propagate across the sample thickness. This can also explain why
electric breakdown was never observed in our fatigue experiments.

The decrease of the polarization and increase of the coercive field with the switching
cycles in large grain samples are due to the fact that the applied field is concentrated on the
cracks perpendicular to it, resulting in the decrease of the effective field on the grains. This
reduction of the effective field may have two consequences: (1) the cracks at the grain

boundaries are so wide that most of the applied field acts on the cracks with the effective field
over grains reduced to a level less than the coercive field, resulting in non-switching of
domains and consequent decrease of the polarization, (2) although the grain boundaries
cracked, the grains still have intimate contact with each other (not by atomic bonding), the
field only partially acts on the cracks; and the rest of the field acting on these grains is still
large enough to switch the domains of these grains. In the latter case, the Ec is increased due
to the partial voltage drop at the cracks, thus explaining why the Ec always increases in the
fatigue resulting from mechanical cracking. From our experiments it is found that the change
of Ec can be used to determine qualitatively the mechanism of the fatigue: when the Ec
increases sharply with switching cycles, the fatigue process is dominated by microcracking
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mechanism; if the Ec remains nearly constant, the fatigue process is dominated by domain

pinning mechanism.

5. CONCLUSIONS

Grain size dependence of fracture in ceramics due to microcracking arising from elastiL.

and thermal expansion anisotropy is well studied. In the present study, transparent, hot

pressed ferroelectric ceramics (lanthanum doped lead zirconate titanate, PLZT) was subjected

to a large a. c. electric field of 100 Hz frequency, similar to the conditions employed in

electromechanical actuators and non-volatile memory devices requiring high reliability.

Electric fatigue, defined as a decrease of permanent polarization and increase of coercive field

under a. c. field, was not detected for small grain size (-5 gtm) samples. but was found at

large grain sizes (>_10 gim). The severity of fatigue, indicated by the beginning and

magnitude of decay in electrical properties, increased with grain size.This is attributed to

intergranular microcracking caused by incompatible large deformations (-10-3) brought about

by the anisotropic piezoelectric and electrostrictive coefficients. Microscopic and acoustic

emission data provide evidence for the microcracking. The electric field in a microcracked

sample gets concentrated at the crack tips, resulting in an effective field less than the applied

field acting on the grain, which limits the domain switching and consequently polarization.

An estimate of the critical grain size for microcracking due to electric stress in PLZT ceramics

is made on the basis of energy criterion and is in good agreement with the experiment. The

crack growth was found to take place across the sample near the high voltage terminal face

and not across the thickness of the sample. This is substantiated by the absence of electrical

breakdown or change in electrical resistance in fatigued (microcracked) samples.

Acknowledgements-The authors are grateful to the Office of Naval Research for financial

support.

9



REFERENCES

1. M. McQuarrie, J. Appl. Phys., 24, 1334 (1953).

2. W. J. Merz and J. R. Anderson, Bell Lab. Record, 33, 335 (1955).

3. J. R. Anderson, G. W. Brady, W. J. Merz and J. P. Remeika, J. Appl. Phys., 26, 1397

(1955).

4. G. W. Taylor, J. Appl. Phys., 38, 4697 (1967).

5. W. R. Buessem, in Mechanical Properties of Engineering Ceramics, ed. W. W. Kriegel

and H. Palmour Il, p.127 Interscience, New York (1961).

6. A. G. Evans, Acta MetaU1. 26, 1845 (1978).

7. V. D. Krstic, J. Amer. Ceram. Soc., 67, 589 (1984).

8. R. W. Rice and R. C. Pohanka, ibid 62, 559 (1979).

9. T. Matsuo and H. Sasaki, ibid 49, 229 (1966).

10. R. C. Pohanka, R. W. Rice and B. E. Walker, Jr., ibid 59, 71 (1976).

11. B. C. Shin and H. G. Kim, Ferroelectrics 100, 209 (1989).

12. W. C. Stewart and L. S. Cosentino, ibid 1, 149 (1970).

13. K. Carl, ibid 9, 23 (1975).

14. D. B. Fraser and J. R. Maldonado, J. Appl. Phys. 41, 2172 (1970).

15. Q. Y. Jiang, Ph.D. thesis, Pennsylvania State University, (1992).

16. Q. Jiang, W. Cao and L. E. Cross, J. Amer. Ceram. Soc. 77, 211 (1994).

17. Q. Y. Jiang and L. E. Cross, J. Mater. Sci. 28, 4536 (1993).

18. C. E. Li, H. Y. Ni and Z. W. Yin, J. Chinese Silicate Soc. 10, 9 (1982).

19. V. Srikanth and E. C. Subbarao, J. Mater. Sci. (in Press).

20. F. J. P. Clarke, Acta Metall. 12, 139 (1964).

21. H. P. Kirchner and R. M. Gruver, J. Amer. Ceram. Soc. 53, 232 (1970).

22. J. A. Kuszyk, and R. C. Bradt, ibid, 56, 420 (1973).

23. J. J. Cleveland and R. C. Bradt, ibid, 61, 478 (1978).

24. R. W. Rice, S. W. Freiman and P. F. Becher, ibid 64, 345 (1981).

25. R. W. Rice and S. W. Freiman, ibid 64, 350 (1981).

26. V. Srikanth, E. C. Subbarao, D. K. Agrawal, C. Y. Huang, R. Roy and G. V. Rao,

ibid 74, 365 (1991).

27. V. Srikanth, E. C. Subbarao and G. V. Rao, Ceramics International 18, 251 (1992).

28. F. J. Parker and R. W. Rice, J. Amer. Ceram. Soc., 72, 2364 (1989).

29. V. Tvergaard and J. W. Hutchinson, ibid 71, 157 (1988).

30. D. P. H. Hasselman, ibid 52, 600 (1969).

31. Y. Matsuo, M. Fujimura and H. Sasaki. ibid 48, 111 (1965).

10



32. V. Srikanth and E. C. Subbarao, Acta Metall. Mater. 40, 1091 (1992).

33. K. Nejezchleb, F. Kroupa, M. Boudys and J. Zelenka, Ferroelectrics 81, 339 (1988).
34. H. T. Chung and H. G. Kim, ibid 76, 327 (1987).

35. H. Iwasaki and M. Izumi, ibid 37, 563 (1981).

36. F. Kroupa, K. Nejezchleb and 1. Saxl, ibid 88, 123 (1988).
37. F. Kroupa, K. Nejezchleb, J. Rataj and 1. Saxl, ibid 100, 281 (1989).

38. C. 1. Cheon, S. J. Kim and H. G. Kim, ibid 115, 35 (1991).
39. H. T. Chung, B. C. Shin and H. G. Kim, J. Am. Ceram. Soc., 72, 327 (1989).

40. B. C. Shin and H. G. Kim, Ferroelectrics 76, 261 (1988).

41. W. Pan and H. Cao, ibid 129, 119 (1992).

42. E. C. Subbarao, V. Srikanth, W. Cao and L. E. Cross, Ferroelectrics , 145,

271 (1993).

43. R. W. Davidge, in Mechanical Behavior of Ceramics, p.32, p.80, Cambridge University

Press(1979).
44. R. W. Davidge and T. J. Green, J. Mater. Sci. 3, 629 (1968).

45. D. A. Berlincourt, D. R. Curran and H. Jaffe, in Physical Acoust'cs, vol.1, part A,

p.2 04, ed. by W. P. Mason, Academic Press, New York (1964).

46. R. C. Pohanka and P. L. Smith, p.58 in Electronic Ceramics, ed. by Lionel M.

Levinson. Marcel Dekker, Inc. New York (1988).

11



Table 1. The fatigue rates C(Pn) (cycles) of hot pressed PLZT 7/68/32

with different grain sizes.

Grain size C(0.8) C(0.7) C(0.6)

10 g.m 2*106 2* 107 >5* 107

18 gm 9*104 1.5*105 2* 105

25 gm 3.5*104 5.5*104 8*104

Table 2. Changes of the remnant polarization and coercive field

for large grain PLZT 7/68/32 ceramics

Grain size 10 Pim 18 trm 25 gm

(ttc/cm 2 ), (ky/cm) Pr Ec Pr Ec Pr Ec

Before fatigue 26.4 7.3 26.6 6.5 27.0 6.6

After fatigue 18.5 8.9 3.2 11.2 2.6 9.3

After 300 oC, 2hrs 23.0 9.1 4.8 11.7 6.0 11.4
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Figure Caption:

Fig. 1. The normalized remnant polarization and coercive field as a function of the switchin g

cycles of hot pressed PLZT 7/68/32 ceramics with different grain sizes.

Fig. 2. (a) The transverse strain and the polarization as a function of the switching cycles.

and (b) the transverse strain-field curves, for hot pressed PLZT 7/68/32 ceramic with grain

size 18 tgm.

Fig. 3. Microstructure of the fatigued sample (hot pressed PLZT 7/68/32) observed by

SEM. (a) Surface under electrode and (b) fractured surface.

Fig. 4. Microcracks in a hot pressed PLZT 7/68/32 large grain sample observed by optical

microscope. (a) 50OX, and (b) IOOOX.

Fig. 5. Acoustic emissions as a function of time detected from hot pressed PLZT 7/68/32

sample with 18 pum grain size. (a) Emission rate and (b) cumulative emission.

Fig. 6. Current as a function of voltage for hot pressed PLZT 7/68/32 sample with 25 gm

grain size.
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EFFECT OF COMPOSITION AND TEMPERATURE ON ELECTRIC FATIGUE

OF LA-DOPED LEAD ZIRCONATE TITANATE CERAMICS

Q. Y. Jiang, E. C. Subbarao and L. E. Cross

Materials Research Laboratory

The Pennsylvania State University

University Park, PA. 16802

ABSTRACT

Composition and temperature of ferroelectric La-doped lead zirconate titanate (PLZT)

ceramics influence its electric fatigue behavior, defimed as the degradation of the electrical

properties under the action of an a.c. field applied for a long time. Compositions of

rhombohedral symmetry exhibit little or no fatigue compared with those of tetragonal and

orthorhombic symmetry. At temperatures higher than the dielecic maximum, no fatigue effect

was detected. Compositions close to phase boundaries (FE-AFE, FE-FE, or FE-PE) display

significant fatigue behavior. Electric fatigue arises from the pinning of domains by space

charges or injected carriers or from -g. The former (which ae charge related) is

accompanied by smaller strains and is recoverable by thermal and electrical treatment, while the

latter (arising from microcracking) arises from large incompatible stresses between grains and is

a permanent damage. The undersanding of the mechanism of electric fatigue gained in the

present study provides guidelines for enhancing the long term reliability of devices based on

ferroic maters.
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I. INTRODUCTION

Composition-temperat diagrams play an important role in the understanding of the

behavior of materials. In the case of lanthanum-doped lead zirconate tizanate ceramics, which

constitute an important class of ferroelectric materials with applications spanning from high-

strain electromechanical transducers to thin film non-volatile memory devices, such a

composition-temperature diagram encompasses: (i) a variety of ferroic phases such as one or

more ferroelectric (FE), antiferroelectric (AFE) and paraelectric (PE) phases separated from each

other by phase boundaries; spatial composition fluctuations within a given sample, resulting in a

ferroelectric relaxor type behavior, are also possible and (ii) a cubic perovskite structure with a

range of subtle distortions giving rise to tetragonal (T) and rhombohedral (R) symmetries. Pure

lead zirconaue has monoclinic symmetry.

These features are displayed in the phase diagram for the PUZT system at room

temperature (Fig. 1) in which the hatched region separating the FE-AFE and FE-PE phases

denotes a region where a diffuse, metastable ferroelectric phase can be induced by a sufficiently

large electric field. The addition of La to the basic lead zirconate titaate (PZT) system confers

many beneficial effects such as increased squareness of the (P-E) hysteresis loop, decreased

coercive field (Ec), enhanced dielectric and piezoelecuic properties and larger electromechanical

coupling coefficients, improved mechanical compliance and amsparency 1 . A property exhibited

by various PLZr compositions, which is of specific significance to the present study, is the

variety of hysteresis loops. These include (a) ferroelectric (FET) square loop with a large Ec and

a linear electro-optic behavior, (b) ferroelectric switchable square loop (PER) with high

polarization and low Ec; (c) Slim loop with no remanant polarization but high induced

polarization when subjected to an electric field, also possessing a bifringence which is a

quadratic function of the electric field, and a large electrostrictive effect; and (d) a double

hysteresis loop, characteristc of AFE materials, near the AFE-FE phase boundary. Thus, a
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wide variety of ferroic behavior is exhibited by these materials, depending upon composidon

and crystal symmetry.

Another aspect of considerable importance to the present study is the fact that the crystal

structure of some of these compositions is very sensitive to the electric field and stress2, for

example, a thermally depoled state which is macroscopically cubic with micropolar regions 3 and

electrically poled states with macrodomains having an orthorhombic symmetry at room

temperaurez 4.5.

To ensure the long term reliability of a range of important devices based on these

materials involving application of an a.c. field for a large number of cycles, a clear

understanding of the physics underlying their behavior is necessary and is undertaken as a part

of a comprehensive study of the fatigue behavior of PLZr ceramics 6 including the effect of

surface treatment7 , porosity8 , grain size9 etc..The property studied is electric fatigue, which is

the change in electrical properties (decrease of remanant r, rization, Pr, and increase of

coercive field, Ec) under the influence of an a.c. field. A range of compositions in PLZT system

were selected to cover ferroelectric, antiferroelectric, paraelectric and relaxor ferroic behavior,

spanning cubic, tetragonal, rhombohedral and (induced) orthorhombic symmetries. For a given

composition, electric fatigue at various temperatures was examined to elucidate the role of the

type of ferroic behavior and crystal structure. For clarification of the arguments presented, two

materials not belonging to the PLZr system were included in the study; these are the well

known relaxor fewoelectric of lead magnesium niobate (PMN) composition and a single crystal

of ferroelectric triglycine sulfate (TGS) which has only 1800 domain configuration.

There are three earlier studies of relevance to the present work. Taylor t o studied the

compositional dependence of the fatigue behavior of Pbo.gg[(ZrxSny)l.z Tizj0.oSNbO.0203

ternary composition and found minimum fatigue at x=0.5, y=0.5 and z=O.14 and maximum

fatigue at x=0.8, y=02 and z=O.06. These effects were attributed to the magnitude of the field

induced strain (due to domain reorientations), the larger strain leading to a greater decay.
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However, some of the samples of the present study on hot pressed PLZT (7/68/32 and 7/65/35)

with a small grain size has the same magnitude of strain as the most fatigued composition of

Taylor, but without exhibiting any electric fatigue, suggesting that factors other than the

magnitude of electrically induced strain need also to be considered. Freimen et alt t found that

the critical fracture toughness KIC (stress intensity factor) of PZT ceramics plotted as a function

of % PbTiO3 exhibited minima at the phase boundaries (AFEEo-FER(LT), FER(LT.FER(HI and

FERQIrrFET), especially at the morphotropic boundary between tetragonal and rhombohedral

phases (Fig. 2). According to these authors, both domain twinning and microcracking could

reduce and redistribute the stress and increase the fracture energy with a trade-off between

twinning and microcracking giving rise to the observed minima and maxima in Fig. 2. It must

be pointed out that the behavior of these materials under an applied a.c. electric field may not

necessarily correspond to the fracture behavior under static mechanical stress.

The only study of the effect of temperature on fatigue behavior of ferroelectrics is that of

Stadler 12 who did not find any consistent fatigue behavior in BaTiO 3 single crystals in the

temperawtre range of -195 OC and room temperature.

IL EXPERIMENTAL

There are two ferroelectric (rhombohedral and tetragonal), an antiferroelectric and a

paraelectric phases present at room temperature in the PLZr system (Fig. 1). The compositions

(La/Zrfri) for the present study were selected to include the ferroelectric rhombohedral phase

(7/68/32, 7/65135, 7.6/70M30), the vicinity of the rhombohedral-tetragonal phase boundary

(8/65/35, 8.4/65/35), the vicinity of the FE-AFE mixed region (7.9/70/30) and the FE-PE

mixed region (9.5/65/35), as marked in Fig. 1.

Schulze 13 has shown that there is no difference in the phases obtained by conventional

sintering and hot pressing processes. In order to obtain dense, pore-free, transparent ceramics.

L- Ili llII I



all compositions except 7/65/35 were hot pressed at 1200 OC under a pressure of 200 kg/cm 2

for 20 hours (Table 1). The average grain size was 5-7 pm in these samples (Table 1). The

composition 7/65/35 was prepared both by hot pressing and solid state sintering route at

13002O0 oC. The surfaces of the ceramic sample were ground with 3 pm abrasive and carefully

cleaned using an improved procedure7 to avoid fzigue induced by surface contamination, and

finally electroded with sputtered gold.

The properties studied were the remanant polarization (Pr) and coercive field (Ec),

calculated from the P-E hysteresis loops obtained using a conventional Sawyer-Tower circuit

and recorded on a Nicolet 214 digital oscilloscope. The frequency of the applied a.c. field for

fatigue study is also listed in Table 1. The shape of the hysteresis loops provides important data

on the nature of the ferroic behavior.

In order to study the effect of crystal structure and ferroic nature on electric fatigue,

fatigue studies were carried out at temperatures below and above the temperature corresponding

to maximum dielectric constant (Tm, listed in Table I for each composition, which decreases

with increasing La content). In most cases, room temperature studies are also included.

The surfaces and fractured faces of the fatigued samples were observed by scanning

electron microscope (SEM), while changes in the bulk of the sample were studied by using an

optical microscope, taking advantage of the transparency of the hot pressed samples. The gold

electrodes were removed before optical microscopic examination. The growth of the cracks can

be deduced by focussing the optical microscope at different heights of the sample disc.

MI. RESULTS

". Compositional Dependence

A. Fatigue in PLZT x/65/35 compositions

Fatigue tests were carried out on hot pressed PLZT samples with compositions of the

same Zr/ri ratio, x/65/35, for x=7, 8, 8.4, and 9.5. The location of each composition is
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marked in the phase diagram (Fig. 1V. The composition 7/65/35 is in the rhombohedral phase

and has stable square hysteresis loop, 8/65/35 and 8.4/65/35 are near the morphotropic phase

boundary region and have unstable square hysteresis loops which are very sensitive to the

measuring frequencies at room temperature; 9.5/65135 is near the mixed ferroelectric-paraelectric

phase region and has a slim hysteresis loop at room temperature. The fatigue experiments were

carried out at room temperature for all compositions except that the composition 9.5/65135 was

studied at -140 OC because of the absence of the square hysteresis loop at room temperature.

Fig. 3 shows that fatigue did not occur for 7/65/35, but occurred in the other three compositions

and proceeded significantly for 8/65/35 and 8.4/65(35. The Pr and Pm (which is not shown

here) decreased and Ec increased with the increase of the switching cycles in the three fatigued

specimens. The variation of Ec is nearly a mirror image of that of PT. Fig. 4 shows the

hysteresis loops for each composition before and after fatigue tests; it is noted that the most

fatigued two compositions have initial distorted hysteresis loops.

All the fatigued samples did not recover after thermal treatment at 300 OC for 2 hours; the

permanent damage usually indicates the microcracking mechanism9 . The optical micrographs of

the fatigued specimens through transmitted light after the removal of the gold electrodes, are

shown in Fig. 5 for the composition 8/65/35. The sample was partially electroded and the center

circle was the switched region in Fig. 5(a). A macrocrack was found which started from the

edge of the electrode and extended to the unelectroded region (bottom left comer of Fig. 5(a).

while macrocracks were not observed inside the switched region. The opaque ring in Fig. 5(a)

observed after faiigue test indicates a microstructure change, with the center area still remaining

transparent and undamaged. Further observation under higher magnification of part of the

opaque ring is shown in Fig. 5(b), (c) and (d) when the picture was focused near the bottom

face of the san .le (b). in the middle level (half above the bottom) (c), and near the top surface

(d). Three features were noticed under the optical microscope: (1) the microcraking was

completely inside the switched region; (2) the mode of the microcracki g was intergranular:
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(3) the microcracks started from the electrode edges near the surface and propagated towards the

other face, with the propagation paths of the cracks being a combination of the horizontal and

vertical directions. A unique character of the microcracking is noticed in this sample, i.e.. in the

microcracked region, all the grains break up to give a sand-like appearance. Since very few

ceramics are transparent, this type of cracking has rarely been observed in such a direct striking

way.

Microcracking was more severe for 8.4/65/35, and started both from edges and from

surface as observed by SEM (Fig. 6). In Fig. 6(a) macrocracks can be seen on the fractured

cross section of the fatigued sample near the surface; after wiping off part of the gold electrode

on the surface, it is found that some of the grains were partially pulled out as shown in Fig.

6(b). The fatigued sample became partially opaque; the opaque regions were parallel to the

surfaces and close to the high voltage terminal face. After removal of the discolored region (half

of the thickness) by grinding, the sample recovered nearly to its original state, and Table H lists

the changes of its Pr and Ec.

B. Fatigue in PIZr x/70/30 compositions

PLZT 7.6W70/30 and 7 V/70/30 are close to the phase boundary between ferroelectric

rhombohedral phase and antiferroelectric phase (Fig. 1); their Tm and the a.c. frequencies for

fatigue tests are listed in Table 1. The results of their fatigue tests together with that of

composition 7/68/32 (Fig. 7(a)) show that fatigue occurred in both compositions and more

severely in composition 7.6/70/30. Fig. 7(b) shows the hysteresis loops for each composition

measured at the beginning and the end of the fatigue tests, where composition 7.9/70/30

showed double hysteresis loops.

It is noticed that the three compositions (8/65/35, 8.4/65/35, and 7.6070/30) which

fatigued most severely have similar hysteresis loops as can be seen in Fig. 4 and Fig. 7(b). The

same cracking pattern as occurred in 8.4/65/35 and 8/65/35 samples was also observed by



optical microscope in fatigued 7.6/70/30 samples (not shown here).

Although the grain sizes of those compositions ranged from 5pm to 7 pm, the rates of

the fatigue for the severely fatigued compositions (8.4/65/35,7 pm; 8/65/35,5pm; 7.6170/30.7

prm) were obviously higher than that of 7/68/32 composition with 10 pm grain size 9. Therefore

there is no doubt about the compositional effect on the fatigue behavior, and the mechanism of

the composition effect will be discussed later.

C. Fatigue in antiferroelectric ceramics

Lanthanum doped lead zirconate titanate stannate antiferroelectric ceramic system was

studied extensively by Berlincourt et a 114 , among others. The composition used in our study is

Pb.97La.0 2(Zr.s 3Ti.12Sn. 35)03 which is in the antiferroelectric tetragonal phase close to the

phase boundary of antiferroelectric tetragonal and ferroelectric rhombohedral phases, and its

coercive field is 25 kv/cm at low frequency. The samples were fabricated by conventional

sintering method. The average grain size is 6 pm and the sizes of pores range from I pm to 30

pm.

The fatigue study carried out at 600 Hz up to 109 switching cycles shows that the

polarization decreased slowly with the switching cycles, and the coercive field was stable until

108 switching cycles, then increased slowly with continuous switching (Fig. 8(a)). The double

hysteresis loops recorded at 104 and 109 switching cycles (Fig. 8(b)) show no significant

changes in the shapes of the loops.

D. Fatigue in TOS single crystal

Tri-glycine sulfate (TGS) single crystal. (NH 2CH2COOH)3y H2SO4, has monoclinic

symmetry, its Curie temperature is 49 OC. Ferroelectricity is found along the direction of the two

fold polar axis, monoclinic b axis (Jona and Shirane 15). TGS is water soluble and

undeteriorated surfaces are difficult to obtain during sample preparation. Thus the samples used
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in the present experiments were prepared by cleavage of the crystal planes which are

perpendicular to the b axis, resulting in very clean and undamaged surfaces. The thicknesses of

the samples ranged from I to 2 millimeter.

The fatigue experiment was carried out at a frequency of 900 Hz, using silver paint as

electrode. The results show that fatigue did not occur even after 108 switching cycles (Fig.

9(a)). The hysteresis loops at 103 and 108 are shown in Fig. 9(b), the coercive field at 900 Hz

is 0.35 kv/cm. Stability of the ferroelectricity under AC field switching in TGS single crystal

could be due to the fact that only 1800 domain configuration exists in the crystal; this will be

further discussed in the following section.

2. Temperature Dependence

A. Fatigue behavior of PLZr ceramics

Compositions of PLZT 7/65/35 (Tin=140 OC) made by conventional sintering and hot

pressed 9.5/65135 were studied for temperature effects. Fig. 10(a) shows the results of fatigue

tests for sintered PLZT 7/65/35 at 30 oC, 87 OC, 118 OC, 152 oC. and 167 oC temperatures.

the maximum field and the frequency for all different temperatures were kept constant (1l kv/cm

and 400 Hz). The corresponding hysteresis loops recorded before and after fatigue tests are

shown in Fig. 1 (a) for each temperature except at 167 OC at which the loops were straight lines

and did not change with switching cycles. In Fig. 10(a), the fatigue rates decrease as

temperatur increases. It was expected that when temperature is higher than Tm, the fatigue

should stop since above Tm the majority of the structure is transformed to the paraelectric phase.

However, fatigue still occurred at 152 OC (12 oC higher than Tin) with a much slower rate and

finally at 167 OC (27 OC higher than Tm), fatigue was no longer observed. The Pm decreases

with the increase of temperature (Table I). In Fig. I' ,•the remanant polarization decreases

with increasing temperat and did not completely. war until the te. eranr was higher
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than T.. Constrictive neck (double) hysteresis loops were not observed as temperature

increases which often occur in the compositions near phase boundaries. The mechanism of

fatigue in composition of sintered 7/65/35 is mainly due to domain pinning by space charges8 .

How temperature affects the space charge pinning will be discussed later.

The composition 9.5/65/35 was chosen to study the low temperature behavior because it

has lower Tm (55 oC) and the square hysteresis loops occurred only at very low temperatures.

Fatigue experiments were carried out at three temperatures, -140 OC, 25 OC, and 105 oC with

the frequencies of 160 Hz, 50 Hz, and 100 Hz, respectively: the results are shown in Fig. 10(b)

and 1 l(b). It is surprising to find that the fatigue at -140 OC (with large polarization and square

loop) proceeded much more slowly than that at 25 oC with slim loop. The Pm and the Pr at -140

oC were 37.5 and 27.7 pc/cm2 and higher than the Pm (23 pc/cm2) at 25 OC; this is different

from the situation in sintered 7/65/35 composition. When temperatures were high enough both

the samples did not fatigue any more; though the remanant polarizations approach zero and

hysteresis loops become slim, fatigue still occurred (as long as temperature is below Tm). It can

be concluded from these results that when ferroelectric ceramics are in paraelectric phase (at a

temperature about 30 OC higher than the Tm), fatigue does not occur either in sintered or hot

pressed PLZT ceramics.

Fatigued 9.5/65/35 samples did not recover after thermal treatment. Fatigue that occurred

in these samples is due to microcracking since its grain size (7 pm) is larger than the critical

size9 and the observations under optical microscope with transmitted light on 9.5/65/35 sample

fatigued at 25 oC revealed not only microracking but also m.crocracking, which propagated

severely as shown in Fig. 12(a). In the 9.5/65/35 sample fatigued at -140 OC only some

sandlike grains were observed by optical microscope with transmitted light (Fig. 12b). the

cracking at low temperature was much less severe than that of the sample fatigued at 25 OC.

The different cracking behaviors will be discussed later.
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B.Fatigue behavior of PMN ceramics

PMN ceramic specimens with average grain size 5 pm were made by conventional

sintering method and have a low Tm, about -15 OC. Fatigue did not occur at 25 OC up to 109

switching cycles, and at -140 OC the P. and Pr, which had initial values of 32.0 pm/cm2 and

18.4 pc/cm 2, started decreasing after 106 switching cycles, with the Ec almost unchanged. Fig.

13(a) shows the changes of polarization with switching cycles at 25 oC and -140 OC. Fatigue in

PMN at low temperature proceeded much more slowly than that in sintered PLZT sample whose

hysteresis loop at room temperature had the same shape as that of PMN at -140 OC. After 108

switching cycles at -140 OC the polarization only dropped by 10% of the initial value. When the

sample temperature returned to room temperature, the Pm measured again was the same as that

measured before the fatigue experiment; thus fatigue at low temperature in PMN did not cause

permanent damage. Fatigue in this case was caused by domain pinning, and not by

microcracking, since it is impossible to heal microcracks at room tempera-re. In addition, these

samples were sintered by conventional method and had low density (97%); their fatigue

mechanism should be the same as in sintered PLZT and PZT samples8 .

Fatigue experiments were also carried out on hot pressed PMN doped with I %

lanthanum at room temperatum and -140 OC. After 109 switching cycles under applied AC field.

the Pm and Pr did not decrease and Ec was unchanged. Fig. 13(b) shows the Pr as a function of

switching cycles at both 25 OC and -140 oC. The grain size of hot pressed PMN was 2 pm and

below critical grain size; like the hot pressed PLZr 7/68W32 and 7/65/35 ceramic with small

grain size, fatigue did not occur in hot pressed PMN ceramic with grain size less than 5 pm. It

shows once agin that high density is a necessary requirement to avoid the onset of fatigue.

IV. DISCUSSION

A. Composition Effect

The results given in previous sections have clearly revealed that fatigue behavior is
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sensitive to the composition and temperature. It is noticed that the compositions of PLZT with

pure rhombohedral phase did not fatigue, while the compositions located near phase boundaries

fatigued; thus, fatigue behavior could be actually affected by crystal structure and/or domain

structure.

Both the compositions 7/65/35 and 7/68/32 which did not fatigue, belong to

rhombohedral phase under applied field; no phase changes occurred during AC switching

processes as shown in Fig. 4 and 7(b) exhibiting normal ferroelectric loops without any

distortion. Switching by electric field takes place more easily in ferroelectric rhombohedral

phase (FER) than in ferroelectric tetragonal and orthorhombic phases (PET, FE0 ), since the Ec

value of FER compositions of PLZT is about half the Ec of PET compositions of PLZT 1. This

indicates that for rhombohedral structure internal stresses are smaller during the switching

process than those for tetragonal and orthorhombic phases. This can be further proved by

BaTiO3 single crystal in which the Ec for orthorhombic phase at -90(+) OC is 1.45 kv/cm while

for rhombohedral phase of the same crystal at almost same temperature - 90(_) OC the Ec is 0.9

kv/cm (Jona and Shirane 15). Stadler12 found that noVe of BaTiO3 crystals tested at -195 OC

(rhombohedral phase) suffered any change in switching charge after 4xlO cycles and the

charge switched at room temperature (tetragonal phase) dropped to less than half its original

value after 4xUO7 cycles. The thombohedral crystal structure is derived from cubic structure by

shear deformation. Since the shear elastic modulus is only half of the normal elastic modulus,

the energy needed for shear deformation is less than for normal deformation, and the internal

stress resulting from the shear deformation should also be smaller than that due to the normal

deformation. The internal stresses in PLZT ceramics for several compositions with different

crystal stucures have been studied quantitatively by Okazaki16 using microindentation method;

be found that the internal sess in FER is smaller than that in PET, and increases with increasing

c/a ratio in tetragonal compositions. From the above discussion it is clear that the ease of

switching by electric field and smaller internal stress in fEt are the main reasons for the
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absence of electric fatigue and microcracks in 7/65/35 and 7/68/32 PUT" compositions in our

study.

PLZT 8/65/35 and 8.4/65/35 and 7.6(70/30 which are the three compositions exhibiting

severe fatigue have similar constricted neck hysteresis loops as can be seen in Fig. 4 and 7(b).

All the three compositions are located in the cubic matrix region before poling, and change to

orthorhombic after poling4 , indicating field induced phase transformation at room temperature.

while the 7/65/35 and 7/68/32 compositions sustain their rhombohedral phase structures after

poling. The occurrence of the necks in the hysteresis loops of 8/65/35, 8.4/65/35, and

7.6/70/30 compositions also indicates the transformation of macrodomain states with

orthorhombic symmetry to microdomain states in cubic matrix; this transformation can be

further proved by the measurement of the electric field dependence of transmittance of the PLZT

sample at different temperatures (Yin et al. 17). Their results showed that when the hysteresis

loops have square shapes without necks at low temperature (-10 OC), the maximum

tansmitnce is very low (<6%) in switching process; once the necks occurred (at 7 OC and 13

OC) the maximum ra m ce can reach above 80% twice in one switching cycle,which

indicates that the cubic matrix state can recur in the switching process. Therefore the structure

changes from cubic matrix with microdomains to orthorhombic macrodomain state twice in one

cycle in the sample with a constricted neck hysteresis loop. The changes of crystal and domain

structure could result in large internal strain fluctuations and internal stresses which cause

i r g and failure. This may explain the occurrence of severe fatigue in these three

samples.

The hysteresis loops for the composition 7.9/70/30 are pseudo-antiferroelectric type,

with very small remanant polarization and remanant strain (Fig. 7(b)). The field forced phase

change returns to the original state before the field drops to zero, and no macrodomains are left

to be switched to microdomains by the reversal field; this could greutly reduce the internal

stresses, and result in less fatigue in composition 7.9/70/30 than in the other three compositions
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discussed above.

In true antiferroelectric materials (AFE)' the switching of the polarization has a different

mechanism; no spontaneous polarization exists in AFE, and the orientations of the dipoles are

alternately aligned in opposite directions. The field forced ferroelectric phase is stable only

under high field, and at low fields, FE returns to the AFE state. Fatigue in the antiferroelectric

sample (Fig. 8) is much less severe, which is possibly due to the fact that in the switching

process of the AFE to FE, the polarization direction changes only by 180 OC with consequent

smaller internal stresses than in switching the spontaneous polarization of the ferroelectrics by

900. The slow fatigue observed in AFE samples may be partially contributed by space charge

pinning8 , since the samples were made by conventional sintering method, which gives rise to

voids and pores.

It is not surprising that fatigue did not occur in TGS single crystals, because there are

only 1800 domains in this crystaL In switching process, only some atoms or atom groups of

TGS rotate under the applied field, with no change in the crystal struczre; therefore, the internal

stresses involved in switching process should be quite small. Further, defects in high quality

TGS organic crystals are rare; hence domain pinning is difficult to occur.

2. Temperature Effect.

Since the main mechanism of fatigue in sintered PUZT 7/65135 is domain and defect

pinning by space charges, the explanation of the temperature dependence of fatigue should

consider both domain states and space charge mobility at different temperatures. As temperature

increases, the maximum polarization decreases (Table HI) and the remanant polarization

decreases faster (Fig. 1 (a)), since less domain walls are available for pinning. At higher

temperatures near Tm, the samples are highly polarizable under the applied field, and the

domains or defects which have been pinned by space charges could be depinned by AC field:

Stewart and CosentinoI8 found that fatigued soft PZT sample could be.restored to nearly its
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original condition by heating the sample to 150 oC and then applying 60 Hz excitation. The

change in the mobility of the space charge with temperature may have much less effect on

fatigue compared with the changes of the polarization. So it can be concluded that the lower

fatigue rates at higher temperatures could primarily be contributed by the decrease of the

polarization in PLZT 7/65/35 sintered ceramics.

The disappearance of fatigue at 167 oC (Fig. 10(a)) can be easily explained; the sample

was almost completely in paraelectric phase (27 oC higher than Tm), the spontaneous

polarization disappeared and domains no longer existed. A slow fatigue observed at 152 oC

could be due to the fact that relaxor materials have diffuse phase transformations because of the

coexistence of ferroelectric and paraelectric phases arising from the inhomogeneous

compositional fluctuations, and the polar regions can exist at temperatures somewhat above Tm

(Cross3); in addition, the applied field can force some of the nonpolar regions into the polar

region; under long time continuous AC switching some of the polar regions could be stabilized

by space charge or injected carriers, with a slow decrease of the switchable polarization.

The decrease of the polarization can not explain the temperature dependence of fatigue in

hot pressed 9.5/65/35 samples (Fig. 10(b)), which showed greater fatigue at 25 OC than at -140

OC, since the main fatigue mechanism of hot pressed high density (>99%) PLZT ceramics is

microcracking and differs from that of sintered low density (92-97%) PLZI' samplesO. The

phase relations in x/65135 PLZT at different temperatures deduced from X-Ray, dielectric and

piezoelectric measurements by OBryan5 show that the PLZr 9.5/65135 at 25 OC has a

pseudocubic structure and is placed in the AFE (pseudocubic region), based on the existence of

a double hysteresis loop. However, a double hysteresis loop can also be due to the field induced

ferroelectric phase at temperatures near Tc or Tm as in the case of BaTiO3 crystal, or the field

forced transformation of microdomains to macrodomainsl 9 ; in addition, the superlattice crystal

structure associated with AFE phase in PbZrO3 was not observed in this phase region5 . Fatigue

due to microcraking at 25 OC could be caused by the nonuniform deformation of mismatched
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grains and concentration of stresses near the electrode edges. Although at this temperature the

remanant polarization is small and the piezoelectic contribution can be neglected, the

electrostriction is quite large in this composition (relaxor ceramic) at room temperature. The

electrostrictive coefficients QtI and Q12 measured by Meng et al.20 for PLZT 9.5/65/35 are

21.Ox10 3 m4/C2 and -9.1x10- 3 m4/C2 , respectively. The initial polarization of the sample used

in the fatigue experiment at 25 OC was 23.0 pC/cm2 under an applied field of 22 kv/cm, and the

longitudinal strain calculated from Qii and Pm is I lxl0-4 which is of the same order as the

piezoelectric strains. This high strain and the large grain size (7 pm) resulted in microcracking.

At 105 oC, a temperature 50 oC higher than Tm of 9.5/65/35 composition, the sample is

in paraelectric phase. As the polarization is only half of the value at 25 oC, so the strain is only

one fourth of that at 25 OC; in addition, the local microstructure stresses which exist below Tc

due to the phase transformation from cubic to ferroelectric phase are released. Hence, the

microcracking (fatigue) did not occur at this high temperature.

The occurrence of fatigue at low temperature (-140 oC) is more complicated (Fig. 10(b)):

both the Pm and Pr are quite high and the field induced strain could be larger than that at room

temperate. The different structum at 25 OC and -140 OC may explain this fatigue behavior. At

-140 OC, the sample should be in the ferroelectric rhombohedral phase which has smaller

internal stresses than other ferroelectric phases. The square hysteresis loops without necks (Fig.

11 (b)) indicate that the crystal structure was stable at low temperature under an applied field.

Therefore the field applied to the sample at low temperature mainly caused the switching of the

spontaneous polarization and did not cause a change of the crystal structure, while it is known3

that at room temperature the applied field could induce the trnsformation of nonpolar regions to

polar states and produce unstable lattice distortions, resulting in microstructure stresses which

enhance microcracking and increase the rate of fatigue. The slow fatigue at low temperature may

also be related to the change in the mechanical strength of the sample; since the lattices contract

with the decrease of temperature, producing compressive internal strIesse in the sample, the
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fracture strength could be higher at low temperatures. The occurrence of slow fatigue could be

attributed to the large grain size which results in microcracking.

Fatigue behavior in PMN ceramic system is similar to that in PLZT ceramics. The

conventionally sintered samples with a grain size of 5 pm showed fatigue at low temperature

(-140 OC) with a rather slow rate. The cause of the fatigue is believed to be domain and defect

pinning since after the sample was reheated to room temperature (40 oC higher than Tm), the

initial state was recovered without permanent damage. The slower fatigue rate in PMN sample

than in sintered PLZT 7/65/35 could arise from three reasons: (1) the density of the sintfred

PMN ceramic is hig(-ir than that of sintered PLZT 7165/35 ceramic; less pores and defects are

available to provide space charges 8 , (2) PMN is a stoichiometric compound, and has fewer

intrinsic defects (which can be pinned by space charge or injected carriers) and cleaner grain

boundaries, (3) the mobility of the space charge may be less at low temperature.

Hot pressed PMN (1% La) did not fatigue at low temperature, which is attributed to its

high density and small grain size. At room temperature, fatigue did not occur in both the PMN

samples because both were in paraelectric phase.

V. CONCLUSIONS

Evidence has been presented to establish the relationship between fatigue behavior and

composition in the PLZr system. In the x/65/35 compositions, fatigue increased from nil at x=7

through x--9.5, 8 to most severe for x=8.4. The two compositions (x=8.4 and 8) with severe

fatigue rates had exhibited constricted hysteresis loops before the fatigue experiment. The

fatigue rate of 7.6/70/30 PLZT composition was greater than that of 7.9/70/30. On the other

hand, antiferroelectric (modified PLZ) composition as well as single crystal triglycine sulfate

(TGS) did not show any significant fatigue effect, which is attributed to the fact that polarization

changes under applied a.c. field involve only 1800 domain switching in these cases.

Temperature was also found to influence the fatigue rates of these materials. At temperatures
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higher than Tc or Tm (by 30 to 50 0C), no fatigue effects were observed and this was attributed

to the absence of domains and spontaneous polarization in the paraelectric state. At other

temperatures, fatigue rate depends upon the ease of domain switches, and associated strains.

Both the compositional and temperature dependence of fatigue behavior translate into the

influence of the crystal symmetry and ferroic state of the material under the action of applied a.c.

field for long periods. Among the ferroelectric phases, the rhombohedral symmetry, with its

small internal stress associated with the shear distortion of the cubic lattice, has the least fatigue

rate compared to that of the ferroelectrics with tetragonal and orthorhombic symmetries.

Antiferroeectr materials and ferroelectric TGS crystal exhibit little or no fatigue effect, since

polarization changes only by 1800 in these materials with no accompanying strain. On the other

hand, the samples close to the phase boundaries (due to composition, temperature or electric

field) undergo most severe fatigue behavior and this is attributed to easy polarization changes

and consequent large lattice distortions. Electric fatigue can be due to either domain pinning by

space charges or injected charge carriers or intergranular microcracl'ng resulting from

incompatible stresses between grains. The former is recoverable Ly thermal and electrical

treatment, while the latter (microcracking) is a permanent damage.

The conclusions drawn from the present study provide guidelines for enhancing the long

term reliability of devices based on ferroic ceramics.
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TABLE 1. The grain size, temperature of maximum dielectric soi•iant and a.c.

frequency for fatigue study of PLZT ceramic with different compositions.

Composition Grain Size pm Tm(OC) f (Hz)

7/65/35 1", 5 140 100

8/65/35 5 100 100

8.4/65/35 7 92 40

9.5/65/35 7 55 160

7/68/32 5 130 200

7.6/70/30 7 90 60

7.9/70/30 7 82 100

* Sintered; rest are hot pressed.



21

TABLE U. The changes of the polarization and coercive field of the PLZT 8.4/65/35

sample d?,e to fatigue and its recovery.

Pr (pc/cm 2 ) Ec (kv/cm)

After 10 switching cycles 27.9 3.1

After 106 switching cycles 10.7 4.7

After removal of discolored region 24.7 3.4

TABLE MI. The maximum polarization of sintered PLZT 7/65/35

ceramic at different temperatures

T (OC) 37 87 118 152 167
pm (PC/er2) 28.0 26.0 21.5 15.0 12.6
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Figure caption:

Fig. 1. Room temperature phase diagram of PLZT ceramics with selected compositions
(Ref. 1).

Fig. 2. Critical fracture toughness KIC as a function of composition in PZT ceramic system.
Vertical line indicates the position of the phase boundaries at 25 oC. (Ref. 11)

Fig. 3. The normalized remanant polarizations and coercive fields as a function of the switching
cycles for hot pressed PLZr ceramics with compositions x/65/35.

Fig. 4. Hysteresis loop curves recorded during fatigue tests for Hot pressed PLZr ceramics

with compositions x/65/35.

Fig. 5. Microstructure of the fatigued PLZr 8/65/35 sample observed by optical microscope

with transmitted light. (a) shows the total fatigued area (within circle); (b), (c) and (d) show

further observation under higher magnification for part of the opaque ring in (a), when the
picture was focused near the bottom face of the sample (b), in the middle level (half above the

bottom) (c), and near the top surface (d).

Fig. 6. Fractured cross section of a fatigued PLZT 8.4/65/35 sample observed by SEM. (a)

Fractured cross section and (b) microstructure changes of the surface beneath the elecrode.

Fig. 7. (a) The normalized remanant polarization as a function of the switching cycles, (b)

hysteresis loop curves recorded during fatigue tests for hot pressed PUZT ceramic of three

compositions.

Fig. 8. (a) The not.-alized polarization and coercive field as a function of switching cycles. (b)

hysteresis loop curves recorded during fatigue experiment for antiferroelectric

Pb.97La.02(Zr.5 3Ti.12Sn.35)O3 ceramic.

Fig. 9. (a) The normalized remanant polarization and coercive field as function of the switching

cycles for TGS single crystal (b) its hysteresis loop curves recorded during fatigue test

(P.= 2.5 pc/cm2, Ec= 0.35 kv/cm).
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Fig. 10. The normalized polarization as a function of the switching cycles for (a) sintered PLZT

7/65/35 ceramic and (b) hot pressed PLZT 9.5/65/35, at different temperatures.

Fig. 11. Hysteresis loop curves recorded during fatigue tests (a) at four temperatures for

sintered PLZU 7/65/35 ceramic and (b) at three temperatures for hot pressed 9.5/65/35 PLZT

ceramic.

Fig. 12. Cracks observed in fatigued hot pressed 9.5/65/35 ceramics by optical microscope with

transmitted light. (a) Fatigued at room temperature and (b) fatigued at - 140 OC.

Fig. 13. Polarization as a function of the switching cycles for (a) sintered PMN and (b) hot

pressed 1% La doped PMN.
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Effects of porosity on electric fatigue behaviour
in PLZT and PZT ferroelectric ceramics

Q. Y. JIANG, L. E. CROSS
Materials Research Laboratory, The Pennsylvania State University, University Park PA 16802
USA

Electric fatigue, namely the decay of the polarization and the consequent elastic strain with
increased number of switching cycles under high a.c. field, severely limits the applications of
ferroelectric and piezoelectric materials in high-strain electro-mechanical actuators and in thin
films used in non-volatile memory devices. Electric fatigue tests have been conducted on lead
zirconate titanate (PZT) and lanthanum-doped leacd zirconate titanate (PLZT) ferroelectric cer-
amics. It was found that electric fatigue can be initiated by various factors, the porosity being
one of them. Electric fatigue occurred in low-density(93%-97%) PLZT 7/65/35 ceramics after
104 switching cycles, while the high-density (> 99%) PLZT specimens of the same composi-
tion did not fatigue after 10' switching cycles. It was also observed that for PZT ceramics,
fatigue proceeded much more slowly in the samples with higher density (- 98%) than those
with lower densities (92%-96%). A tentative explanation for the origin of the fatigue mech-
anism associated with porosity is proposed.

1. Introduction reduction of the dielectric strength because of the
It is well known that under many circumstances when enhanced field concentration and discharge in the
a ferroelectric crystal or ceramic is switched under voids. Another electric failure mode in ferroelectric
high a.c. field, the switched charge (polarization) and ceramics is d.c. degradation [8,9], which is also affec-
the consequent elastic strain decay with increased ted by porosity defects. Herbert [10] reported that the
number of cycles [1--4], which is the so-called elec- rate of d.c. degradation was greatly increased by voids
troactive or electric fatigue. This effect severely limits and flaws in ferroelectric ceramics. It is rational to
the applications of ferroelectric and piezoelectric ma- expect that the porosity or voids could also influence
terials in high-strain electro-mechanical actuators and dynamic fatigue under high a.c. field because the field
in thin films used in non-volatile memory devices, concentrations and space-charge accumulation in the

Our systematic study [5] has revealed that electric pores also exist when ceramic samples are experien-
fatigue in ferroelectric ceramics is much more complic- cing a.c. fields. However, no published work has been
ated than was originally expected. Fatigue could be found on this subject. Because pores or voids are
initiated by various factors; surface conditions, cer- common in ceramic materials, it is necessary to know
amic microstructure, electroding methods, composi- how these defects are related to fatigue behaviour. The
tions, and temperature, can all make contributions to study of the density (pore) effects was carried out on
fatigue behaviour. In a previous paper [6], we re- conventionally prepared PLZT, lead zirconate titan-
ported that fatigue which occurred after only ate (PZT), and hot-pressed PLZT ceramics; the results
thousands of switching cycles in hot-pressed fine-grain showed that the porosity could initiate and accelerate
lanthanum-doped lead zirconate titanate PLZT the fatigue process. The mechanism of fatigue of this
7/68/32 was initiated by surface contamination. Fa- type is discussed.
tigue of this type could be avoided by an improved
cleaning procedure before electroding [6]. The present
investigation is concerned with the effects of ceramic 2. Experimental procedure
microstructure, i.e. densities and pores, on fatigue Lanthanum-doped lead zirconate titanate 7/65/35
behaviour. The grain size, composition, temperature, (mole ratio of La/Zr/Ti) ceramic specimens were fabri-
and electrode effects will be discussed in following cated by both conventional-sintering and hot-pressing
papers. techniques. In the conventional-sintering procedure,

Study of the influence of porosity on dielectric the starting oxides powders of reagent grade were
failure strength (breakdown) in PLZT ceramic system PbO, La2O3 , ZrO2, and TiO 2. The mixed oxides were
by Furman [7] indicated that hot-pressed high-den- milled in a rotary mill for 24 h. After milling, the slurry
sity (> 99%) PLZT ceramics have a dielectric strength was dried in an oven. The dried powder was calcined
almost twice the value in conventionally sintered sam- at 780 'C for 6 h, and then ground and recalcined at
pies of the same composition (density 92%-96%). The 780°C. Then the powders which were mixed with

existence of pores in sintered samples caused the polyvinyl alcohol (PVA) binder and dried were pre-
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ssed into pellets using a 0.9 cm diameter die, and I'atigue experiments were carried out on severai
pressure up to 400(X) p.s.i. (l0' p.s.i. = 6.89 N mm -2). sintered samples which were cut from selected batches
The thickncsses of the pellets ranged from [-2 mam. to obtain different densities. The normalized polariza-
After the binder was burned out, the pellets and a tion and normalized coercive field which represent the
mixture of PbO and ZrO2, which was used to control percentages of the polarization and coercive field with
the lead atmosphere, were placed on platinum sheets respect to their initial values obtained at 102 or 10'
in alumina crucibles which were then scaled with switching cycles, are used in this paper in order to
cement and sintered in an automatic temperature- compare the results from different specimens and
controlled furnace with a heating rate of 200C h' . emphasize the changes of the measured properties.
The sintcring temperature was chosen as 1280, 1300 or Fig. 2a and b show typical hysteresis loops measured
1320 C It was found that all three temperatures fall before and after fatigue tests in a specimen with a
into the sintering-temperature range. tlowever, the density of 93%. The normalized rcmnant polarization
samples sintercd at 1300'C showed better dielectric and coercive field as functions of the switching cycles,
properties. The average grain size was 2 pim. The hot- for three samples at a frequency of 300 Hz are shown
pressed PLZT samples with average grain size 5 mm in Fig. 3. The remnant polarizations decrease with
were obtained from Honeywell Inc. Soft PZT samples increasing switching cycles for all samples, while the
were commercial PZT 5 made by both conventional- rates of fatigue are different. After 10s switching cycles,
sintering and tape-casting techniques. [lard PZT sam- only 30% of the polarization of the original value in
pies were commercial lPZT 8. Sample 3 (density 93%) was left, but for Sample I

All samples had ground surfaces and their. thicknes- (density 96%) 60% of the polarization was still switch-
ses ranged 150- 300 pm. The improved cleaning pro- able, and for Sample 2 (density near 95%) the fatigue
cedure [5, 6] was applied to clean all specimens before rate lay between the other two samples. The maximum
clectroding to avoid fatigue induced by surface con- polarizations which are not shown here fatigued in a
tamination. Sputtered gold was used for the electrode. similar manner to the P,. For a quantitative com-

The properties studied here were the remnant polar- parison, we define a parameter C(P.) which is the
ization, P, the maximumn polarization, P,,, and the number of the switching cycles when the normalized
coercive field, Ec. Sinewave a.c. field was applied to polarization equals P, (0 < P,, I) to characterize the
switch the polarization. The hysteresis loops were fatigue rate. For instance, in Fig. 3a the number of the
measured through a conventional Sawyer-Tower cir- switching cycles for P. = 70%(0.7) is 4 x 10" for
cuit and recorded at intervals on a Nicolet 214 digital Sample I, it is designated Q0.7) = 4 x 10'. The C(P.)
oscilloscope. The polarization and coercive field were data of the samples with three P. values and the
calculated from the measured hysteresis loops, sample densities are listed in Table I. The rates of

fatigue for the samples of the same composition but
different densities can differ by two orders of magni-

3. Results tude. Unlike the polarization, the coercive fields do
3.1. Fatigue in conventionally sintered not change significantly (Fig. 3b). E, either increases to

7/65/35 PLZT ceramics some extent, or decreases slightly, or remains con-
The sintered IPLZT 7/65/35 specimens have an aver- stant, depending on the individual sample. The fatigue
age grain size of 2 pm, and their density is in the range rate does not significantly depend on the frequency in
of 93%-96% theoretical. The microstructure is shown the range 1-600 Hz in our study.
in Fig. I a, observed on the fractured surface by SEM. Thermal treatments were applied to the fatigued
A large number of pores was found, and the sizes of samples at 300 °C for 2 h. Sample 3, which fatigued
the pores ranged from less than I pm to several tens of most severely, only had a slight change, as seen in
micrometres. Fig. 2c, but for the fatigued Sample 2, the polarization

Figure I Microstructures of (a) conventionally sintered and (b) hot-pressed PLZT 7/65/35 ceramics observed by SEM on the fractured
surfaces.
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Figure 3 (a) Normalized remnant polarizations and (b) normalized
coercive field as functions of the switching cycles for the three
sintered PLZT 7/65/35 samples. (1J) Sample I, (*) Sample 2.
(M) Sample 3.

l 3.2. Fatigue in hot-pressed 7/65/35 PLZT
Sceramics
Hot-pressed 7/65/35 PLZT ceramics with average
grain size 51im had high density ( > 99%) and no
pores were round by SEM. The microstructure is

Figure 2 Ilysteresis loop curves for a sintered PLZT 7/65/35 shown in Fig. lb. Fatigue tests were conducted on
Sample. recorded at (a) 10- cycles: (h) 10' cycles; and (c) heated at several specimens; the results showed a good con-
.1(X-C for 2 h after the fatigue test. sistency for all samples. The hot-pressed 7/65/35 sim-

pies showed good resistance to fatigue, as can be seen
from Fig. 5 which shows the normalized remnant
polarization and coercive field as functions of the

and coercive field almost recovered to their original switching cycles and the hysteresis loops recorded
values after thermal treatment (Fig. 4). The changes of before and after the fatigue test. After the samples were
P, and E, for Sample 2 after fatigue test and heating at switched up to 10' cycles under a.c. field at a frequency
diffcrent frequencies are listed in Table I!. The origin of 300 Hz, the polarizations and coercive fields did not
of the fatigue, the cause of the difference of fatigue change significantly. Similar results were also ob-
rates, and the thermal treatment effects will be dis- tained for hot-pressed 7/68/32 PLZT samples, as dis-
cussed in Section 4. cussed in our previous paper [6]. Comparing these

TABLE I Fatigue rates C(P.) (cycles) for PLZT and PZT ceramics

C(0.8) C(0.7) C(0.6) Density(%)

Sample 1 (7/65/35) 3 x I0' 4 x 107 3 x 10' 96
Sample 2 (7/65/35) 1.5 x 101 7 x I0W - 95
Sample 3 (7/65/35) 3 x 10s 8 x 10' 1.4 x 106 93
Commercial soft PZT I x 10 1.5 x 1WD 2.4 x 104 92
Tape-cast soft PZT 3x 10' 5x 10' > 109 98
Commercial hard PZT 2 x 10' 2 x 10' - 97
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curves for hol-pressed PLZT 7/65/35 ceramics.

results with the fatigue behaviour of the sintered
samples, it is clear that the density (porosity) and

ceramic-processing methods play an important role in
determining the fatigue process. The improvement of

fatigue behaviour in hot-pressed ceramics could be
mainly due to the high density and the absence of

defect pores, which will be discussed in detail in
Section 4.

3.3. Fatigue in soft PZT ceramics
The remnant polarization and coercive field at a
frequency of I Hz for commercial PZT 5 sintered
samples with average grain size 3 pm are 36.5 pCcm2

and 10 kVcm ', respectively, which fell into the reas-
onable ranges; the squareness of the hysteresis loops is
excellent. The density is only about 92%. A i, rge
number of pores was found in the specimens as shown

Figure 4 Hysteresis loop curves for a sintered PLZT 7/65/35 in Fig. 6a. Fatigue tests were conducted at frequencies
sample, recorded a[ (a) 10'cyclei (b) 10" cycles, and (c) heated at of I and 100 Hz; similar fatigue behaviour was ob-
300'C for 2 h after the fatigue test. served for the two frequencies. The results at 100 Hz

TAB L E I I The remnant polarization,P, and coercive freld,E,. for conventionally sintered PLZT 7/65/35 at the three frequencies

I Hz 10 Hz 100 Hz

PApC cm- ) E.kVcm-1) P,4pCcm-) £E(kVcm-') P,(pCcm-
2

) E.(kV cm')

Before fatigue test 26.0 6.2 26.9 6.5 22.4 4.7
After fatigue test 15.6 5.9 15.6 6.7 15.2 5.5
Heated at 300'C for 2 h 24.5 6.4 24.8 6.5 22.4 5.3
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'. .. ¶7, V Fig. 7 indicate that the tape-cast sample fatigued much

* ' .'---( more slowly than the sintered samples; the fatigue
• 'b t ii rates of the polarizations are four to five orders small-

• l 4 er (Table 1). Of the original remnant polarization, 66%
J ~, was still switchabic after 109 switching cycles, and the

S... ••. .- _ change of the coercive field was very small (Fig. 7). The
"•;i • hysteresis loops recorded during the fatigue process

S _ are shown in Fig. 9. After thermal treatment at 350 °C

(c•:• 10-p for 2 h the polarization and coercive field recovered
_4.s almost completely.

Figure 6 Mincrostruciures of PZT ceramics observed by SEM.
(a) Commercial soft PZT 5. (b) tape-cast soft PZT, and
(c) com'ncrcial hard PZT. 3.4. Fatigue in hard PZT ceramics

Commercial PZT 8 samples which were conventional-
ly sintered with a density near 97% have a coercive
field twice the value of that in soft-PZT. The fatigue

are shown in Fig. 7, curve (a); the polarization de- results are shown in Fig. 7. Like all other sintered PZT
creased very quickly and dropped below 20% of the samples, hard PZT also fatigued under a.c. field swit-
original value within 106 switching cycles, but the ching. After l0s switching cycles, 73% of the original

coercive field increased only slightly. Thermal treat- P, was still switchable. The fatigue in hard PZT
ment on the fatigued sample brought P, back to samples proceeded at a slower rate than that of the
15 pG cm- 2 from 5.3 pC cm-2 (the initial value was sintered soft PZT samples, close to the rate of tle tape-
33.1 IpC cm- 2). The changes in the shapes of the hys- cast soft PZT sample. C(P,) parameters of ha. d PZT 8
teresis loops are shown in Fig. 8. are listed in Table i. The E, of hard PZT in Fig. 7 was

Fatigue tests were also conducted on soft PZT stable without obvious change during the fatigue pro-
specimens mnadc by tape-casting which had much cess. The ceramic microstructure is shown in Fig. 6c;
fewer pores than those made by conventional the number of pores is less than that of the commercial
sintering. Fig. 6b shows the microstructure observed soft PZT samples, but more than that of tape-cast soft
under the SEM. The average grain size is about I pmo, PZT samples, and the average grain size for hard PZT
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Figure 9 Ilysteresis loop curves recorded during the fatigue process

for tape-cast soft PZT ceramic, recorded at (a) 103 cycles. (b) 10'

cycles, and (c) 10' cycles.

conventionally sintered PLZT and PZT low-density

ceramics is not concerned with the intrinsic behaviour.

One of the possibic mechanisms of the fatigue in

specimens with pores and low densities is domain

igur e resisloopcurvesforcommercialsort PZT5ceramic, pinning caused by space charge [11-13]. The direct
Fimwe8 Iiseei opcre o omrilsf Z eai, evidence is that the fatigued properties in some of the

recorded at (a) 10' cycles, (b) 106 cycles, and (c) heated at 350 smev ns Van be fecoveed byoheating th same of

for I h after the fatigue test. samples can be recovered by heating the samples to a

temperature higher than the dielectric maximum tem-

perature (to the paraelectric phase). When the fatigued

samples were heated to their paraelectric phase, both

is 4 gm. The mechanism of fatigue in PZT ceramics pinned and switchable domains disappeared due to

will also be discussed in the following section. the elimination of the spontaneous polarization. With

the temperature cooled down, the paraelectric phase

transferred to ferroelectric phase and domains were

4. Discussion formed again without pinning. Thus the samples were

The fact that the hot-pressed 7/65/35 and 7/68/32 restored from their fatigued states. In Table II, after

PLZT ceramics did not fatigue at least up to 10' experiencing 10" switching cycles, not more than

switching cycles indicates that fatigue occurred in 30% of the initial P, and P. (which is not shown in
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2 II. P, and Pm a( IM0 |lz completely recovered to the domains do not go through the crystal but end some-
initial values. and for other frequencies, P, and P,. where in the bulk. This indicates the presence of
recovered more than 9 5 "/.. The most likely other domain pinning by space charges in the crystal. Using
possible mechailisnil of fatigue is microcracking [5, 6], the pinning model, the more pores and thicker grain
hut it is not possible to heal the cracks or microcracks boundaries that exist, the more easily fatigue occurs.
at such low temperatures. Furthermore when acoustic This explains well the different fatigue rates listed in
emission tests were conducted on the recovcrahle Table I for samples with different densities. The soft
samples during I'atiguc expcriments, cracking signals 'Z I' obtained by tape casting and the haid I'Z I
were not dctececd. fatigued much less severely than other samples be-

Two questions must be addressed. Why does do- cause they have fewer pores than the others; the
main pinning happen in 7/65/35 PLZT and PZT commercial soft PZT is most porous, and fatigued
ceramic samples with low density and pores, but not in most severely. In addition to trapped space charges,
high density 7/65/35 PLZT samples? Where does the large pores and voids can also cause fatigue by local
space charge needed to pin domain come from') In the breakdown mechanism due to electric field
process of ceramic fabrication, when the temperature concentration.
cools down, ferroelectric ceramics experience a phase For some of the most severely fatigued PLZT
transformation, from paraelcctric to ferroelectric 7/65/35 and commercial soft PZT samples, the fatig-
phase accompanied by the occurrence of the spontan- ued properties cannot be recovered, even to half of
cous polarization which forms domain structures to their initial values, by heating and annealing in the
minimize electric energy. so that the macroscopic paraelcctric phases (Figs 2 and 8). In these samples,
polarization is zero. On the surfaces the polarization is fatigue was not solely caused by the stabilization of
neutralized by the development of space charges, this pinned domains. Observation by optical microscopy
is well proven by pyroclectric measurements. Pores and the naked eye showed that the surfaces of these
inside the ceramics can produce a large area of inter- samples changed in colour from yellowish to dark blue
nal free surface and the space charges must be accu- or pale white and that parts of the surface layer were
mulated on these internal surfaces to neutralize the peeled off from the electrode edges in 7/65/35 samples
spontaneous polarization. Therefore, the pores can be or the whole electroded surfaces expanded (loosen) in
served as reservoirs of space charge. The grain bound- PZT samples, as shown in Fig. 10 in which the area
aries are also polarization discontinuity regions and inside the circles is the electroded area, i.e. fatigued
can trap charges. Under a high a.c. field the space area, and the area outside the circles is non-fatigued
charges can be pumped into the grains and grain regions (the electrodes were removed by polishing the
boundaries, and react with domain walls and the surfaces after fatigue tests). In Fig. 10a, damage occur-
defects in domains, and reorient domains into a more red along the electrode edge (some silver paint which
stable state, i.e. minimum energy configuration which was used to stick the silver contact wire is left in the
can no longer be switched by the applied field, res- centre region). The fatigued properties cannot be re-
ulting in a decrease of polarization (fatigue). Campbell stored in these samples because of the permanent
[14] studied the domain patterns of the fatigued damage of the surfaces. The surface deterioration
BaTiO 3 single crystal; he found that the fresh crystals could be the result of electrochemical reactions which
which were poled revealed a domain pattern which change the colour of the samples [15]. The discharge
extended from one surface to another. In fatigued in the pores near the surfaces can cause both dis-
crystals, however, there was no correlation between coloration and mechanical damage. The increase of

- -.' r..:":, ,.. - " "

Sp

•,~~~~- ' VY,;' '? .

'. S

0200 ,m 20-Ji-

Figure 10 Damaged surfaces of the fatigued samples observed by the optical microscope after removal of the electrodes by polishing the
surface. (a) Sintered PLZT 7/65/35 and (b) commercial soft PZT 5.
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EFFECTS OF ELECTRODES AND ELECTRODING METHODS ON

FATIGUE BEHAVIOR IN FERROELECTRIC MATERIALS

QIYUE JIANG, E. C. SUBBARAO, AND L. E. CROSS

Materials Research Laboratory, The Pennsylvania State University

University Park, PA. 16802

Abstract Electric fatigue behavior, measured by the change in remnant
polarization with the switching cycles under high AC field, in ferroelectrics
(PLZT ceramics and TGS crystal) has been found to be related to electrode
materials and electroding methods. Sputtering gold and rubbed In-Ga were
superior to many commonly used electrodes, such as air-dry and co-fire silver
pastes. Sputtering is better than evaporating to give a good sample-lectrode
contact, which has been found to be the key factor in achieving the intrinsic
fatigue rate of the material.

Many fatigue studies on ferroelectric ceramics (e.g. PLZr 1-3, Pb(Zr, Sn, Ti)03 4 and

single crystals (e.g. Bi4Ti3O12 5) employing a variety of electrode mateials (Au, Cr-Au,

Sn 02-Au, In, In-Ga, Al, Ag, Au-Mg, Pb, Sn-Ag, SnO2-1n, etc.) produced a set of

conflicting results, which remain unexplained. In the present work, hot pressed PLZT

7165/35 and 7/68/32 ceramics and TGS crystal were electroded with a variety of materials

by several techniques to elucidate the factors affecting the electric fatigue behavior.

RESULTS AND DISCUSSION

A.~~ lrdn Metodw

Hot pressed PLZr 7/6/35 samples with 5 pm grain size were electroded with gold by

vacuum evaporation and sputtering. Fatigue tests showed no decrease of remnant



polarization, Pr, even after 108 switching cycles in the case of sputtering gold electrode

and a decrease of Pr by 20% in 107 cycles for evaporated gold electrode (Figure 1). In the

case of evaporated gold the contact is purely physical and weak, so that under high AC

field, it could degrade and debond. On the other hand, sputtering involves ion

bombardment and high temperature both of which help to clean the sample surface (itself

a desirable feature) and the bombardment results in an intimate contact.

Interestingly, the same sputtered gold electrode, which is good in the case of PLZT

ceramic, when applied to TGS crystal results in severe fatigue, though air dry silver

electrode was excellent for TGS crystal (Figure 2(a)). The specimen with sputtered gold

electrode showed a decrease of Pr by 57% and an increase of Ec by 50% after it is fatigue

tested for 108 switching cycles (Figure 2(b)).Sputtering caused decomposition of the

organic crystal (TGS), which is unstable above 80 OC. The damage caused by ion

1.1

j 0.9

0.7 S •to9
10 0 0 1 00107 105 log

Figure I The normalied remnant polarization as a function of the switching cycles

for hot pressed PUZT 7/65135 ceramics with (a) sputtered gold electrode and

(b)evapormed gold electrode.
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Figure 2 (a) The normalized remnant polarization as a function of the switching cycles
for TGS crystals with different electrodes. (b) Hysteresis loops of TGS crystal with

sputtered gold electrode.

bombardment and temperature rise is accentuated by AC field switching, resulting in the
transparent crystal turning black during the fatigue test (the darkening increasing with
switching cycles). On the other hand, air dry silver has an organic liquid as a carrier,
which helps to make an excellent contact with an organic crystal such as TGS but not

with inorganic ceramics.



B. Electrode Materials

Evaporated Indium was found to be comparable to evaporated gold electrode but not as

good as sputtered gold. However, when In or In-Ga mixture was rubbed over the

evaporated electrode, contact improved and no fatigue was detected up to 109 cycles. Co-

fire silver paste, one of the most common electrodes, gave poor results (compared to

sputtered gold) (Figure 3), which was traced to a darkening of the ceramic-electrode
interface, caused possibly due to the discharge resulting from the high voltage drop

across the poor contact. The importance of the quality of contact is further illustrated by

the increase in Pr accompanied by decrease in Ec between 106 and I08 cycles in the case

of a hot pressed PLZT 7/68/32 (grain size 5 pum) with rubbed In-Ga electrode (Figure 4).

This unusual behavior is attributed to better contact caused by improved diffusion of the

low melting (In, 156 OC; Ga, 30 OC) electrode materials, promoted by self heating of the

sample subjected to high AC field switching.

1.01

0.8 - - Co-fire slimer Pae el9code
0,7 ......----------------'..... .. ...

0.73 o o o103 104 105 100 '107 108

Switchhg Cycle

Figure 3. The normalized remnant polarization as a function of the switching cycle for

hot pressed P121 7/68/32 ceramics with different electrodes.
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Figure 4. The normalized remnant polarization and coercive field as a function of the

switching cycles for hot pressed PLZT 7/68/32 ceramics with In-Ga electrode.

CONCLUSIONS

(1) The adherence of electrode to the ceramics is the key factor. Thus, sputtering

gold and In-Ga electrodes are better than many commonly used materials, such as air dry

or co-fire silver pastes.
(2) Sputtering results in a stronger contact than the evaporation method, and hence

is preferable for ceramics used under high AC field for long periods of time. However,

ion bombardment and high tempraure: rise of the substrate involved in the sputtering

process can lead to decomposition of an organic crystal such as TGS.
(3) Appropriate electrode materials app•led by a sitable technique can enable the

electric fatigue rates to approach the intinsic rates of the feroelectric material.
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FATIGUE IN PLZT: ACOUSTIC EMISSION AS A DISCRIMINATOR

BETWEEN MICROCRACKING AND DOMAIN SWITCHING

Q. Y. JIANG, E. C. SUBBARAO, AND L. E. CROSS

Materials Research Laboratory , The Pennsylvania State University

University Park, PA. 16802

Abstract Acoustic emission study of electric fatigue in hot pressed PlZI ceramics
during DC field poling and AC field switching shows that the count rate for domain
switching is nearly two order of magnitude smaller than that for microcracking. The
amplifier gain setting can be used to discriminate the two processes.

INTRODUCTION

The application of DC field during poling or an AC field in electromechanical applications
results in domain reorientations or microcracks in a ferroelectric material, such as PLZT

ceramics. A nondestructive method to distinguish between the two processes and to

signal the onset of microcracking, which causes a permanent deterioration of the electrical

properties, will be valuable. The mechanical deformations accompanying those two
processes give rise to acoustic emissions (AE). The AE techniques were exploited for

this purpose, as part of a comprehensive study of electric fatigue of hot pressed PLZF

ceramics 1. The parameters studied here are effects of grain size, magnitude and frequency

of AC field. DC poling, instrumental parameters (amplifier gain and threshold).

Hot pressed PLZT (LafZnr(i = 7/68/32) of 5 pm grain size in all cases was used, except

for one sample of 18 pm grains to study grain size effect. The experiment setup

employed for acoustic emission study of electric fatigue is shown in Figure 1. The
acoustic emission count rate is plotted as a function of time for various experimental

conditions and instrument settings.



Q. Y. JIANG, E. C. SUBBARAO, L. E. CROSS

Sawye-Towe AcquFPtone~ Sytaun

Gampl0.6e , hsatl: 0d

7u n o -O 
A 3 2 

W * - * - U

7- ri hs 6p

j

DwGAcqinsitionSym

FiurIse-pfraosiemsinsuyoelcrcftg.

Gan 02 dl hetwd 0d

(a ri sn sP

.. . .. .

.. .-. . . .

z9

TIME (SECOND)

Figure 2 Effect of grain size on acoustic emission from a hot pressed
PIZr 7/68/32 ceramic sample under high AC field.



FATIGUE IN PLZT: ACOUSTIC EMISSION AS A DISCRIMINATOR

RESULTS AND DISCUSSION

(1) Grain Size: The results for 5 p m and 18 p m grain size hot pressed PLZT

ceramics (Figure 2) show absence of any AE activity in the fine grain material whereas a

large AE count rate (-104) in the 18 Pzm material is detected under high AC field,

signifying the occurrence of microracking due to large deformations in the large grain

sample.

(2) Magnitude of AC Field: A significant increase in the AE count rate was detected

when the AC field was increased from 35 to 55 v/cm in a prepoled sample (Figure 3) and

was attributed to more extensive domain flipping.

Gain: 40+40 dB, Threshold: 40 dB
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Figure 3 Acoustic emission from a prepoled PLZT 7/60/2 ceramics with 5 pin
grain size under small (35 and 55 v/cm) AC signal at 0.1 Hz.
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Figure 5 Effect of amplifier gain setting on the acoustic emission count rat

detected in PLZT 7168/32 cermics with small grain sue under high AC field at

0.07 Hz.

(5) DC Poling: Intense AE activity due to domain reorienations was detected as

soon as the poling field was applied and persisted for 7-8 seconds till all the domains

which wer in a favorable psitio to undergo reorientation became oriented in the field

direction2 (Figure 6). The discontinuous naue of the domain switches during poling

may be contrasted with the essentially continuous, periodic variation of count rate when

the frequency or magnitude of the AC field was varied.
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Figure 6 Acoustic emission detected as a function of tame from a PLZT 7/68/32

ceramics during DC: poling (15 kv/cm) process.

CONCLUSIONS

(1) AE signas generaed during domain switching can only be detected by a high

amplifie gain setting (70 -100 dB) and'their intensity, which is a function of the applied

AC or DC field, is about two order of magnitude smaller than the AE counts produced by

microcracking during electric fatigue.

(2) PUZT (7/60/2) ceramics with grain size larger than 10 pm fatigued after 104

switching cycles, generating AE signals due to microcract-ing. In samples with 5 pm

grain siue. electic fatigu did not occur even after 108 switching cylms and AE signals

were not detected.

(3) AE ftchnique can be frutfully employed as a nondestructive tool in the

de~omtof reliable eletr mecaica trasducers actuators and non-volatile memory

devices.
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FIELD INDUCED STRESS CONCENTRATIONS AND

ELECTRIC FATIGUE IN FERROELECTRIC CERAMICS

Q. Y. Jiang, E. C. Subbarao, Member IEEE and L. E. Cross*, Fellow IEEE

ABSTRACT

Experimental study of permanent degradation of electrical properties (polarization and coercive

field) of ferroelectric ceramics subjected to AC field revealed that microcracks responsible for this

electric fatigue get initiated inside the electrode edge near the high voltage terminal side and form a

circular ring which moves towards the center with continued switching cycles. The microcracks

arise due to incompatible intergranular stresses created by the large strains generated by the AC

field in these materials which possess large anisotropic piezoelectric and electrostrictive
coefficients. A finite element analysis of this case was carried out in three directions (r, 0, and z)

which established the maximum tensile stress to exist on the top surface inside the electrode edge

and propagate in the ý direction. The pattern of distribution of tensile stress thus fully confirms

proposed mechanism for the initiation and growth of microcracks responsible for electric fatigue

of ferroelectric ceramics.

* The wuhors ae with the Materials ResmfztJ Labouutoty, The Pennsylvania State University, University Park, PA 16802.
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1. INTRODUCTION

Some of the more demanding applications of ferroelectric ceramics include piezoelectric and

electrostrictive actuators and non-volatile memory devices. For example, ceramic actuators have

excellent ability to control precise positioning (± 0.01 pm), are small in size and simple in

configuration. Their general characteristics include I a large range of displacements (10-2 to tens of

micron), high response speed (-10 ps), high generative force (-400 kg/cm 2 ) and smaller (by an

order of magnitude) driving power compared to electromagnetic motors. A number of practical

devices, such as active structure acoustic control 2, deformable mirrors 3,4, cutting error

correction5, impact dot-matrix printers 1, and ultrasonic motors 6.7, are under development based

on these materials. The ferroelectric memory devices are based on the bistable polarization

characteristic of these materials. The memory is non-volatile and does not require a hold voltage.

Information can be recorded by reversing or reorienting the polarization by an electric field greater

than the coercive field (E > Ec) and can be erased by returning the polarization to the initial state by

an applied field of opposite polarity. The information can be read electrically by using a

ferroelectric field effect device or optically by means of the photorefractive effect. The large

coupling between optical and electrical properties allows efficient non-destructive read-out of the

stored information.

These various devices involve high strain or large polarization and can become practical

realities only when they can perform reliably for 105 to 1011 cycles in the case of actuators and for

more than 1012 switching cycles for memory devices. In this case, one is concerned with fatigue

which refers to degradation of the properties of materials or the performance of devices with time

under applied cyclic (electrical or mechanical) forces and not so much with aging which covers

degradation when no external forces are involved. The reliability of materials is affected by such

intrinsic factors as domain wall pinning, micro and macrodefects, anisotropy, limit of dynamic

mechanical strength etc., as well as extrinsic factors of electrical origin such as electrode-ceramic

interface degradation, electric field concentration near electrode edge, large amplitude of AC field

or of mechanical or compositional origin like induced internal stress through phase transformation,

stress concentration due to inhomogeneities in the component, applied external stresses, heat and

load effects etc.. While aging studies on ferroelectric capacitors 8-10 and piezoelectric transducers
II have been carried out, which established the importance of domain wall pinning to stabilize

domain structures, no serious examination of electric fatigue under cyclic high AC field has been

reporte
Three types of devices operate under high AC field. (1) electrostrictive actuators, (2)

piezoelectric high power transducers and (3) ferroelectric memory devices. While cyclic
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reorientation of spontaneous or induced polarization takes place at the frequency of the applied AC

field in the case of electrostrictive actuators and ferroelectric memory devices, the relationship
between stress and strain, electric field and electric displacement, and strain and electric field is

linear only for limited range of input stress or electric field in high power piezoelectric transducers.

The linear regime varies widely for different piezoelectric ceramics, being roughly related to the

coercive field. At large input electric field, the relationship becomes non-linear. Non-linearity of the
strain-field relationship produces distortion of the mechanical output; non-linearity of the electric

displacement-field relation causes increase in dielectric loss, which may generate heat leading to

depolarization 12. In low field applications of a transducer, the reliability is mainly limited by

electric field because of depoling either by direct field or generated heat. In the high frequency

applications, eg. impact printer head, transducer is usually working near the resonant frequency

and the dynamic mechanical strength becomes the limiting factor.

The reliability of the electrostrictive actuators is severely affected by the dynamic strength

because the large strain generated can be larger than the general limit of the fracture strain (10-3) for

structural ceramics. The reliability of the ferroelectric memory devices is most difficult to control

among the three types. It is complicated by the cyclic reorientation of large spontaneous

polarization and domain switching. The dynamic strength is the dominant limiting factor, while

domain pinning and continuous defect entrapment for some materials such as ferroelectric thin

films can make a major contribution to the gradual failure of the devices.

In the light of the above, a comprehensive study of electric fatigue in hot pressed lanthanum
doped lead zirconate titanate (PLZr) ceramics was undertaken 13 to elucidate the intrinsic (eg.

pores 14, grain size 15, composition and temperature 16) and extrinsic (eg. surface contamination
17, electrodes and electroding methods 18) factors responsible for this behavior. The underlying

mechanism consists of domain wall pinning due to a variety of micro and macro defects or

intergranular microcracking due to inhomogeneous stresses set up under high AC fields.

Microscopic examination revealed the cracks to be initiated near the high voltage side and extend

nearly parallel to the electrode in a zagged fashion and not so much in the field direction, to cause

mechanical failure or electrical breakdown. While the microscopic and electrical data support the

proposed mechanism for electric fatigue, it would be worthwhile to estimate the pattern of stress

distribution, including regions of stress concentration, in these materials when they are subjected to

large AC fields. This is carried out in the present paper using finite element analysis and the results

are compared with experimental observations.
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IH. EXPERIMENTAL

Various compositions of lanthanum doped lead zirconate titanate (PLZT) ferroelectric

ceramics, which are excellent candidates for electromechanical actuators and non-volatile

memories, were prepared by hot pressing. The surfaces were thoroughly cleaned and electroded by

sputtering gold. From the P-E hysteresis loops, remanant polarization (Pr) and coercive field (Ec)

were estimated and plotted as a function of time (switching cycles). The fatigued samples were

examined by a scanning electron microscope but observation under an optical microscope with

transmitted light through the transparent ceramics was more informative.

Stress distribution in a ferroelectric PLZr ceramics subjected to a large AC field was

analyzed, using finite element analysis methods, to locate regions of stress concentration, initiating

microcracks and the pattern of stress variation, to deduce the geometry of microcrack growth.

EI. RESULTS AND DISCUSSION

A. Microcracking

Application of an AC field to PIZ ceramics resulted in electric fatigue, displayed as a

decrease of the polarization and increase of the coercive field. Typical results for a range of x/65/35

compositions are shown in Fig. 1. The electric fatigue arises from the pinning of domain walls by

space charge or injected carriers, or from microcracking. The former is due to smaller strains and

is recoverable by thermal and electrical treatment. The latter arises from large incompatible stresses

between grains and is a permanent damage. The optical micrographs of fatigued PLZT (8/65/35)

ceramics under transmitted light are shown in Fig. 2. The sample was partially electroded and the

circular region in the center shows the switched region (Fig. 2(a)), with the unswitched,

unelectroded region outside the circle. The opaque ring in Fig. 2(a) is due to microcracking which

starts from the electrode edges near the surface and propagates in a zagged fashion towards the

other surface, as shown more clearly in Fig. 2(b), (c) and (d) which were obtained by focussing
the microscope near the bottom face, at middle level and near the top surface, respectively.

In order to obtain the details of the miocrocracking process, a sample of P1Z1 8.4/65/35

which exhibits most severe fatigue was chosen. The scanning electron micrographs of this sample
(Fig. 3) shows that the regions which became opaque due to microcracking were parallel to the

surface and close to the high voltage terminal face and extended only half way through the

thickness after 106 switching cycles. To confirm that the electrode edge is a region of stress
concentration during an electric fatigue experiment, two samples of PLZT 8.4/65/35 were
electroded, one only in the center as a circle and the other to the edges of the sample (Fig. 4(a))
using identical conditions. The fatigue results of these samples clearly show that fatigue in partially

electaded sample starts by 103 switching cycles, much earlier than the fully electroded samples
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(105 cycles) (Fig. 4(b)). In partially electroded sample, the edges were constrained by the
unelectroded ceramic body, and the stress concentrations were highly enhanced around the edges.

The results clearly show that the initiation of microcracking and the growth of microcracks are
closely related to the discontinuity of the electric field, which inevitably results in the

inhomogeneous deformation of ceramics.

The stress concentrating effect of cracks is fundamental to fracture mechanics 19. Fatigue
phenomena in the present study is primarily caused by mechanical failure i.e. microcracking

(fracture) which is controlled by stress concentrations. The factors either intrinsic or extrinsic
which can generate stress concentration under high AC field have been shown to contribute to
fatigue. The fact that electric fatigue due to microcracking always started from the electrode edges
suggests that the stress concentrations in field discontinuity regions control initiation and growth of
cracks. Therefore, it is necessary to know the magnitude and distribution of the stresses induced by

AC electric field.

B. Finite Element Analysis

Finite element analysis (FEA), which is a very useful tool to solve the complex mechanical

stress problems 20, was used to calculate the stress distribution in the present study. In this

method, the sample is divided into small discrete elements, the so-called finite elements. The

mechanical displacements and stress as well as electrical potential and charge can be determined at
the joints of these elements. The values of these mechanical and electrical quantities at an arbitrary
position on the element are given by a linear combination of polynomial interpolation functions

with the values of these quantities at the joints as coefficients.

The diameters of the disc and the electroded circle area of a disc sample (PUZT 8/65/35)
which was chosen for FEA calculation, are 5 mm and 3 mm, respectively, and the thickness of the

sample is 0.5 mm, as illustrated in Fig. 5. Due to the symmetric distribution of the stress along

thickness direction (z axis), it is only needed to consider half body of the sample divided along z

axis. The half body then was divided into 5 layers along z axis, and each layer was further divided

into 20 elements; together there were 100 ring elements with quadrilateral cross sections, as well as
126 joints as shown in Fig. 6. The stress and displacement are generated by electromechanical

coupling effect, mainly piezoelectric effect. Therefore, the necessary parameters for FEA
calculation of PIUZT 8/65/35 were: applied electric field =15 kv/cm, piezoelectric coefficients d33 -

682 and d31= d32 = -320 pC/N, density = 7.8x1(3 kg/i 3 , elastic constant = 8.Ox1010 N/m2, and

Poisson ratio = 0.33.

The calculated results by FEA method are shown in Figs. 7 and 8 where only one quarter of

the whole cross section was plotted. In Fig. 7 the broken lines represent the original shape, and the
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solid lines represent the deformed shape under applied electric field; it can be seen that the sample

expanded along z direction and contracted along r direction under applied field; at the electrode

edge the deformation is not uniform. The stress distributions are clearly shown in Fig. 8 for three
directions (r, 0, and z); the positive sign of stress represents the tensile stress, and the negative sign

represents the compressive stress. Stresses in all three directions have their maximum values of
tensile stresses at the circumference with a diameter slightly smaller than the electrode edge, and

their maximum value of compressive stresses at the circumference with a diameter slightly larger
than the electrode edge; all these maximum stresses are close to the surfaces of the sample. Since

the maximum tensile stress (36. iMPa) is larger than that of the compressive stress (32.4 MPa)

and for brittle materials the tensile strength is usually about one to two orders of magnitude lower

than the compressive strength19 , only the effects of tensile stress need to be considered in this case.
The maximum tensile stresses in r, 0, and z directions are 36.1, 25.9 and 11.6 MPa, all of

which are near the electrode edge and are much larger than the stresses in the sample body which
are 12, 12, and 0 MPa for r, 0 and z direction, respectively, as shown in Fig. 8. Since the tensile

strength data for PUT1 ceramics are not available, the average of hoop tensile strengths of Navy

standard rings for PZT ceramics measured by Pohanka and Smith21 are employed for purpose of
comparison. These values are 41, 43, 47 MPa for unpoled, axially poled and radially poled

samples, respectively. Since the dynamic strength is always lower than the static strengththe

maximum tensile stresses (36.1 MPa) in our experiments are large enough to initiate a crack as

observed in real situations. The cracking patterns and character of crack growth can also be

understood from the calculated stress distributions in Fig. 8. The tensile stress in r direction should
cause the cracks to start near the electrode edges and grow along the 0 direction (circle); the tensile
stress in the 0 direction can cause cracks to start near the electrode edges and grow in the r

direction; and the tensile stress in the z direction can also cause crack to start near edges and grow

parallel to the surfaces. Since the largest stress is in r direction, it is expected that the crack gets
initiated near the electrode edges and grows mainly in the 0 direction. Fig. 2 shows that the cracks

in fact started inside edges of the electrode and propagated in 0 direction. Microcracks in Fig. 2

growing circularly towards the center can be also be explained by the stress distribution; after
microcracks occurred inside the electrode edges these microcracks soon became new edges and

replaced old ones; the stresses could redistribute and the stress concentrations moved to new inside

edges and caused further microcracking which then became new edges. With the continuous

switching this process repeated again and again, causing microcracks to move closer and closer to

the center.
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IV. CONCLUSIONS

The decrease of polarization and increase of coercive field of ferroelectric ceramics subjected

to AC field is termed electric fatigue. It is caused by domain pinning or microcracking. The former

is recoverable by electrical or thermal treatments and the latter is permanent. Microcracking occurs

due to stress concentrations created by incompatible large strains between grains under large AC

field. The anisotropic piezoelectric and electrostrictive coefficients of these materials are

responsible for these strains. The microcracking was observed to get initiated inside the electrode

edge on the high voltage terminal side and propagate as a circular ring which moves towards the

center. Finite element analysis of the stress distribution in three directions (r, 0 and z) shows that

the maximum tensile stress is observed near the surface slightly inside the electroded portion and

that the stress contours extended in a circular pattern, with the circles moving towards the center.

Since ceramics are weaker in tension than in compression, the finite element analysis thus

confirms the proposed mechanism for the initiation and growth of microcracks responsible for

electric fatigue in PUT1 ferroelectric ceramics.
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Figure Caption:

Fig. 1. The normalized remanant polarization and coercive field as a function of the switching

cycles for hot pressed PLZT ceramics with compositions x/65/35.

Fig. 2. Microstructure of the fatigued PLZT 8/65/35 sample observed by optical microscope with

transmitted fight. (a) shows the total fatigued area (within circle); (b), (c) and (d) show further

observation under higher magnification for part of the opaque ring in (a), when the picture was

focused near the bottom face of the sample (b), in the middle level (half above the bottom) (c), and

near the top surface (d).

Fig. 3. Fractured cross section of a fatigued PLZT 8.4/65/35 sample observed by SEM.

Fig. 4 (a)!Electrode configurations: fully electroded (A) and partially electroded (B). (b) The

normalized remnant polarization as a function of the switching cycles of hot pressed PLZI'

8.4/65/35, (A) fully electroded sample, and (B) partially electroded sample.

Fig. 5. Sample configuration used for FEA calculation.

Fig. 6. Joint identification of one quarter of cross sectional area.

Fig. 7. Deformed shape (solid line) and undeformed shape (dash line) of a one quart of cross

sectional area.

Fig. 8. Stress distribution in (a) r, (b) *, and (c) z directions.
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DIELECTRIC PROPERTIES OF SINGLE GRAIN IN PLZT FERROELECTRIC

CERAMICS

Q. Y. JIANG, E. C. SUBBARAO, L. E. CROSS
Materials Research Laboratory, The Pennsylvania State University
University Park, PA. 16802

Asact The hot pressed and grain-grown transparent ceramics with maximum
gain size 80-1 00 lm provides the possibility of investigating the dielectric
properties of single grain from ceramic specimens. The ion milling technique was
employed to separate the grains. The dielectric permittivities of single grain of
PIZT have been measured. It is found that the range of dielectric constant of
single grains in unpoled state is larger than that of the bulk ceramic. Poling in both
single grains and bulk ceramics reduces the dielectric constant in the poling
direction, and increases it in the direction perpendicular to the poling field. The
anisotropy of dielectric permittivity for PLZr 8/65/35 is calculated from the single
grain dat

Lanthanum doped lead zirconate titanate M ) ceramic system has been the
subject of much interest due to their high optical transparency, excellent electro-optical
characteristics, unusually high dielectric constant and piezoelectric constants, and square
ferroelectric hysteresis loop with low coercive field.1,2 PLZ ceramic is one of the best
candidate materials for electro-optical devices and the non-volatile memory devices which
have been developed rapidly in recent years.

Unfortunately, single crystal growth of PLZr is so difficult that it can only be
made as a polycrystalline ceramic. Thus, there are no single crystal data available.
However, the transparent PiLzr polyciystalline ceramic with maximum grain size 30
to 100 pm can be obtained from the hot pressed specimens by the grain-growth
technique, which provides the possibility of investigation of the physical properties of
the single grain from ceramic samples. In the present work. the dielectric constants of
the PlZr single grain in unpoled and poled states and the temperature dependence of
dielectric constant of single grain thick s were measu4 The results are
compae with the thic FLZ cerani samples

The composition of the PL21 is 8/65/35 (LarZd/i, mole ratio) and this
copsition is located near the r homohedral, tetragonal, and cubic phase boundary.
PLZT 8/65/35 exhibits typical &feoelectric relaxor behavior.3,4 Small discs with
diameters ranging from 6 pm to 100 pm were obtained by the ion milling technique as
follows. First the sample was polished, cleaned, and annealed at 600 OC for I hour, then
one face of the samole was metallized with aluminium. After bonding to a thin glass
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FIGURE 1. The top view of the ion milled PLZT sample (area 1)AFigures on the left
side are diameters of the dots (ranged from 6 Wm to 100 pm), and figures on the right
side are the number of dots for each diameter.

slip, the sample was lapped to 8.9 pm thickness. Then the top surface was also metallized
with gold. After reticulation masking was applied to the top of the surface of the two
regions, the edges of the dots were defined by ion milling. The milling depth was 2 pm
for one region (called area 1) and 7 pm for another region (called area 2). The view of the
well defined discs with diameters of 100 pm, 50 pm, 20 pm, 15pm, 12pm, 10pm, 8gm,
and 6 pm for area 1 is shown in Figure 1. Area 2 which was ion milled to a depth of 7 pm
is not shown here.

The dielectric pennittivity (constant) for each disc of different diameters was
measured with General Radio 1621 Precision Capacitance Measurement System at I KHz.
The contact between disc and measurement device was made possible by probes through
topti croscope.

The dielectric constant measured from the discs of all sizes in area I and area 2 at
room temperature without prepoling are shown in Figure 2(a) and (b), respectively. For
each diameter the measurements were carried out on at least five discs, and for some
diameters on more than 30 discs. The dielectric constants of discs with different size
ranged from 3800 to 8000 for area Land 4200 to 9000 for area 2. A dispersion of the
dielectric constants of the discs with same diameter was observed (Fig. 2), and the effect
was larger as the diameter of the disc decreased. The change of the dielectric constant
ranged from 12% for 100 pm diameter to 47% for 6 pm diameter (Fig. 2(a)). From
Figure 2 one can see that the average dielectric constant of area 2 is larger than that of area
1. This can be more clearly seen in Figure 3, in which the t dependence of
dielectric constant of 100 pm and 50 pm discs in area I and area 2 ae shown. The
different mechanical boundary conditions between two areas due to the different milling
depth (2 pm and 7 pm for area 1 and 2, respectively) are responsible for this difference.
78% of the disc edge in area 2 was free and 22% of the edge was clamped, compared with
22% free and 78% clamped in area 1.

The grain boundaries in area I are clearly visible under the optical microscope, and
the discs with only single grains in them (including 8, 10, 12, and 15 pm diameters)
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FIGURE 2. The dispersion of the dielectric constant of different diameters for discs
of all sizes in (a) area 1 and (b) area 2 at 1 kHz without prepoling.

could be distinguished from those with multigrains (contained 1 to 3 grain boundaries).
The dielectric constants of these single grains in unpoled states are shown in Figure 4(a)
together with those of multigrains of same diameters (Figure 4(b)).There are no dramatic
changes of the dielectric constants in single grains and multigrains. This can be
understood by the fact that the polarization in an unpoled single grain is not aligned along
one direction, and many micrdomains existed ;' ithin a grain. Therefore, both the
multigrain discs and the single grain discs are assemblies of multidomains, except that the
multigrain discs contained grain boundaries also. The results in Figure 4 also indicate that
the grain boundaries connected parallel to grains do not significantly affect dielectric
permittivity.

Anisotropy of the dielectric permittivity in PIZT single grains could be studied by
poling the single grain discs under DC field (20 Kv/cm) larger than the coercive field (5
Kv/cm). The dielectric constants measured before and after poling are shown in Figure 5
and Table i. The poled dielectric constants are smaller than the unpoled ones, which is in
agreement with the dielectric data obtained from bulk PLZT ceramics by us. This can be
explained by the formation of macrodomains from microdomains under high DC field 5.
The contribution to the weak field properties by microdomains is greatly reduced. The
extent of the decrease of the dielectric constant was not always same for all singe grain
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TABLE 1 The Measureed Dielectric Constant for Both Single
Grains and bulk Ceramic of PLZU 8/65/35.

Dielctonstant

Single grains Bulk ceramic

.Unpoled 5000 - 7000 4500-5000

Pepoled 3000- 600 4100(K 33) 59oo(K11 )

discs both with different diameters and same diameter, and the decrease ranged from 8%
to 30%. Since the crystallographic ame of the single grains ame not always aligned in the
same directon, the angle between the measured direction and ciystallograpbic axis after
poling is a function of individual grains, ranging from 00 to ±300 for orthorhombic phase,
00 to :35.50 for rhombohedral phase, or 0 to ±450 for tetragonal phase, provided that the
poling is complete. The poled phase of PLZr 8/65/35 is ogthorhombic. 6, 7 If we take the
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minilmum of the measured single grain dielectric constant as the KTF33 which is 3000, and
the max==u 6000 as KT along the direction of 30D away from the c axis (Table 1). The
relationship among KTn , KT33, and KT for single grain is

KT = (I1- (cos30o)2)KTl I + (cos30o)2 K733. (1)
where it is assumed that KT22 - KTI 1, since the lattice paaetr a (5.777A) and b
(5.794A) wre very close in 8/65/35 composition.6 After replacing KT33 and KT by 3000
and 6000 in equation (1), we haveKT! I = 15000.
The calculated KTI I is larger than .K (3000 - 6000) and KTunpoe (5000 - 7000) in
single gains, which is consistent with the results of the bulk PLZT 8e65/35 samples in
which the measured KTIgI (pegpendicular to the poling directiow) is 5900, a 3d KT33
(thrallel to the poling direon) is 4100, and K awa fro 50Te c axis (Table 1).
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FIGURE 5. The dielectric constant of single grains measured before and after
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In conclusion, the anisotropy of dielectric permittivity forPLZr 8165135 has been
derived from the data measuted from the single grains. The dielectric constant in c
direction is : 3000, and in a or b direction 2 15000. The range of dielectric constant
(5000 - 7000) of single grains in unpoled state is larger than that of the unpoled bulk
ceramic (4500 - 5000). The parallel grain boundaries do not severely affect the dielectric
property of PlZr, but the mechanical boundary condition can influence the dielectric
measurement. It is found that both in single grains and bulk ceramics poling process
reduces the dielectric constant along the direction parallel to the poling field, and increases
it along the direction perpendicular to the poling id, which is different from the PZT
normal ferroelectric ceramics.
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The contribution of 900 domain wall motion to the piezoelectric coefficient d31 in ferroelcctric PZT ceramics has been evaluated
quantitatively by a simple model. The microstructures of'PZT ceramics have also been considered Ihrough the evaluation process.
In order to avoid some formidable and somewhat ambiguous calculations involved and also in order to offer a clear plhysical
picture of the domain contribution to the piezoelectric cofficient d13 in ferroclectric ceramics, we have introduced a new concept
of the effective number of domain walls in the quantitative evaluation process which reflects the magnitude of domain wall
density in ceramics. The obtained calculation result, &'/3 = 219.4 x 10`2 m/V. suppons the mcasured data and also is inherenily
plausible in terms of the contribution of domain wall motion to the electromechanical properties of ferroclectric ceramics.

1. Introduction and are different from those in crystals, even in a
multidomain single crystal system. The contribu-

In principle, one of the challenges facing materials lions of 900 domain wall motion to the dielectric,
scientists is how to develop a scientific foundation piezoelectric, and elastic properties of ferroelectric
for understanding and rational designing the so- ceramics have been discussed extensively in the past
phisticated materials systems with novel microstruc- [I-Ill. The strong increase in the piezoelectric
tures as well as multiple functional characteristics, coefficient and dielectric coefficients could be
One of the key issues for this development is to gain understood by shifts and oscillations of 90P-type do-
a better understanding of the basic physics in com- main walls. However, the quantitative evaluation of
plex systems and to provide more complete physical extrinsic contribution to the physical properties in
pictures and underlying theoretical bases for these ferroelectric polycrystalline materials is still in its in-
complex systems in great detail. With the develop- fancy. Arlt et al. [1,21 employed a dynamic equation
ment of modern microelectronics, it is becoming of domain wall motion to evaluate the dielectric, pie-
more and more important to quantitatively inves- zoelectric, and elastic coefficients through averaging
tigate the physical properties of electronic polycrys- the domain wall motion contributions with respect
talline materials by considering their microstruc- to every individual grain for a ceramic sample. A
tures in detail. similar work was also done by some Russian scien-

The basic quantities in ferroelectric polycrystal- tists (9,101. Bondarenko et al. tIlI have proposed
line materials are the spontaneous macroscopic po- a method which takes into account an elastic inter-
larization and displacement, which result, e.g., upon action between a multidomain grain and the sur-
application of an electric field, and persist at null field rounding ceramic matrix. Although several models
in two enantiomorphous metastable states of the ce- have been postulated over the years, the study of
ramic system. These quantities are related to the di. quantitative correlation between the domain bound-
electric and piezoelectric coefficients of the ceramic ary's displacement and the induced piezoelectric

coefficients in polycrystalline materials is still very
Present addoess: 115 Sachem Villahe, West Lebanon, NH desirable and demanded in practice.
03784, USA. "In the present work, we give an estimate of the pie-
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zoelectric coefficient Ad3 3 in ferroelectric polycrys-
talline materials based on a very simple model
[1,2,4,81, which provides some insight, at the mi- zE
croscopic level, into the basic physics of ferroelectric n

ceramics. The way of evaluating the piezoelectric a
constant Ad33 presented here is slightly different from V* Z., X.,
those in previous studies 11.2,9-111 in order to pro- '& -4/
vide more comprehensive data and avoid some cum- 41 ..... - --
bersome and formidable as well as somewhat am- /
biguous calculations involved and also in order to X
offer a clear physical picture of the domain contri-
bution to the piezoelectric coefficient d33 in ferro-
electric ceramics. Meanwhile, t T microstructures of b
ceramic samples, i.e. both the width of the domain ./
and the orientational distribution of spontaneous I jag Gin
polarization in domains as well as the density of the Boundies

domain walls, have also been considered explicitly. tale
The results of quantitative calculations are given for
a tetragonal PZT ceramic which is one of the most
studied and the most useful perovskite ceramics. The
obtained results of the quantitative evaluation seem
to be pretty much reasonable and accurate in com-
parison to the experimental data.

2. Evaluating extrinsic contribution to piezoelectric Fig. I. (a) A basic unit of a crystallite with a displaceable 9 0-

coefficient Ad domain wafl, and (b) a schemasic illusiration of the Srain inter-
action effect in polycrystalline ceramics.

Fig. I shows the domain boundaries (DB) in a electric field is parallel to the direction of sponta-
ferroelectric ceramic matrix. From Arkt's model neous polarization in one of the domains near the
[1,21, when the frequency to of the domain oscil- boundary as shown in fig. Ia. At the resonance fre-
lation approaches to zero, the displacement A/ of a quency of domain wall motions, the equation of do-
domain boundary under a small electric field can be main wall motion becomes [1,2,4,121
written as

AI=F(O)P0E/fo, (1) m 1D°Ar+fgoAl=-P'E, (2)

where F(O) is a factor related to an angular distri- where mt1 ,o is the effective mass of the 900 domain
bution between the direction of spontaneous polar- wall. Setting AI=Al0 exp(iwot), from eqs. (2) and

ization in a specific domain and the direction of the (I), we have
applied electric field, Po is the spontaneous polari- Alo=P,E/(.,o0-jD"w2 ), (3)
zation, E is the applied electric field, and fo repre-
sents the force constant for the 900 domain wall mo- where Algo represents the displacements for the 900
tion process which can be determiped by the domain wall motion. On the other hand, when the
experimental measurement. F(6) is around 1.40.5 wall boundary is displaced by a distance AW, the in-
in a well poled ceramic since the orientational dis- duced polarization should be written as
tribution of domain boundaries is conical. For sim- APo=PAlw/L, (4)
plicity, here, we take F(O) as 1, which stands for a
special case in which the direction of the applied where AP',0 is the induced polarization for the 900

22
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domain wall motion process, and L is lhe width of termined experimentally [16,17 ). The relationship
900 domain walls. It should he noticed here that we between the displacement Ai of the entire ceramic
use the symbol A to indicate all quantities with the sample and the displacement A/ of an individual do-
symbol A arising from the 90'-domain wall vibration main boundary can be approximately expressed as
only. Combining eqs. (3) and (4), the force con- AJ=A/[(c-a)1c],,~w, (7)
stant .f9o can be expressed as

where AJ is the domain-induced displacement of the
f= P•/LAxo, (5) entire sample under an applied electric field, Algo is

where AXx) is the value of ultra low frequency sus- the displacement of an individual domain boundary,
ceplibility which is assumed to arise exclusively from and nerr is the effective number of domain walls cross
the 900 domain wall motion process because all do- a specific direction for the ceramic sample. Here we
mains should be almost 90 domains 1131 in the dis- have introduced a new concept of the effective num-
torted tetragonal and well poled ceramics. Mean- ber of domain walls in a ceramic sample which re-
while, it is important to note that here the force fleets the magnitude of domain wall density in ce-
constantfgo, the susceptibility AxNo and the displace- ramics. It should be emphasized that the domain
ment Algo of the 900 domain boundary are all varied width L and the effective number nfrr of domain
with temperature because these quantities arc caused boundaries arc correlated to each other because the
by the 900 domain boundary movement. At low tem- thickness of the sample is fixed as shown in fig. 2. In
peratures, APqn and lhe consequent piezoelectric ef- an ideal case, the thickness, 1), of a ceramic sample
feet will disappear as long as the 900 domain wall is equal to the sum of the width, L, of domains within
motion is frozen out. Obviously, if AXm is becoming the sample as illustrated in fig. 2a. Taking D=2 mm
zero, i.e. there is no 90( domain wall motion con- and L=0.3 int, the number of domain boundaries
tribution to the piezoelectric properties of ferroelec- having 450 angle with the direction of the applied
tric ceramics, the induced displacement Algo of the field is about 6600 in this ideal case (see fig. 2a). In
domain wall motion should be also equal to zero at reality, there always exists a conical distribution of
the same time according to eqs. ( I ) and (5). In the remnant polarization in grains with respect to a poled
present analysis, we only discuss the situation at room ceramic (see fig. 2b), the number of domain bound-
temperature. For Pb(Zr.,.5oTi.50)Q 3 samples, using aries possessing 450 angle with the direction of the
the values P,=0.6 C/ui2 , L=3xl0- in, and applied field (or the poling direction) should be
AEt,,= 1167, one has much less than that in the ideal case. Meanwhile, it

= . 1 m(6) should also be realized that only some types of ori-
1.158X 10' kg/s2 in, ented domain walls can contribute to the piezoelec-

where A( 33 is the value of the dielectric constant only tric coefficient d33. In other words, for instance, if
arising from 90 domain wall motion. As we know, the direction of the domain wall boundary is per-
it is believed that the electromechaitical properties in pendicular to tlhe direction of the applied field, the
ferroelectric polycrystalline materials are caused not movement of this type 900 domain wall does not have
only by the ionic displacement (the intrinsic effect) any contribution to the piezoelectric effect as shown
in connection with the change of the polarization in fig. 3a. Therefore, in order to consider and deal
magnitude, but also by the movements of domain with the real situation, we should introduce and uti-
walls (the extrinsic contribution). Experimental lize the effective number of domain boundaries for
studies on malctials such as BaTiO3 and PZT have quantitative evaluation of the piezoelectric coeffi-
shown that as much as 45-70% of dielectric constant cient d33. In addition, from eqs. (4)-(7) it can be
and piezoelectric moduli values may originate from clearly found that the domain width L (or n~ff, ef-
the extrinsic contributions at room temperature [ 13- fective number of domain walls) is an important
161. Here, we approximately estimate Af 33 as the two factor for the dynamic behavior of domain wall mo-
third of the measured value (E13= 1760) for the cx- lions. We will discuss this in detail later. Following,
trinsic dielectric constant Ae33 in a Pb(Zro0 5rio0 oO 3  we define the effective number of domain bounda-
ceramic. The average width of domains can be de- rics as 55% of the total number of domain bound-
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Fig. 2. (a) Illustration of the simple relationship bctween the
thickness D of'a sample and the width Lorthe domain in an ideal I-ig. 3. The displaceable 900 domain wall boundaries with the dif-
case, and (b) illustration of the simple relationship between the ferent directions related to the direction of the applied electric
thickness of a sample and the width of the domain in a real poled field. (a) When the angle bctween the direction of the domain
ceramic, wall boundary and the direction of the applied field is 900. th

movement of the 900 domain wall does not cause any contribo
dion to the piczoelcctric cffl•t. (b) When the angle between the

aries in an ideal case with respect to a well poled ce- direction of the domain wall boundary and the direction or tht
mmnic sample (P,=0.856XPo). Using PO=0.6 C/rn 2 , applied field is 45s. the movement of the 900 domain wall has i

L=0.3 Min, A( 33 = 1166, ,iT= 3600, and the thick- maximum contribution to the piezoelectric effect of the ceramic
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ness of the sample D= 2 nmm, we can quantitatively 550
evaluate both AI• atd Ad 33 from eq. (I). The cal- , roo- ' >, 4 %
culated value of the displaccment A/ of a single do- E. 500oo "' 5 .. •'•'"'
main boundary, and the calculated value of the dis- > - -... 1
placement Ad for the entire sample as well as both 7 450 200 20o Z o 2j3o2'40' 2&

calculated and measured piezoelectric constants, Ad133  Or v , 200
and Ad33 , are listed in table I. All quantities marked 40 Soft PZT
with an asterisk are experimentally measured values.
Table 2 lists the relevant experimental measurement 3o. , ,
data. The total displacement 81* of the ceramic sam- 6oo 1200
pie under a field was measured by an optical inter- E(V/cm)
ferometcr [15,161 as shown in fig. 4. In table 2, we Fig. 4. Piezoelectric cocfficients dj, as a function or the applied
also take the two third value of the displacement 81" ac electric field.

of the entire sample as the extrinsic contribution of
AP in both calculating domain contribution to pic- the two third value of the real measured value of
zoelectric effect Ad*3 and calculating the displace- d*3 (ix385x10-12 m/V) because the intrinsic
ment A* of a single domain boundary in order to contribution should also be considered in the eval-
compare those quantities which are calculated the- uation process as mentioned before.
oretically from eqs. (I )-(7) because of the influ- In table 2, 51" is a real measured displacement of
ence of intrinsic contribution, the sample under an ac field. It is worth mentioning

here that the domain width L or nt t f (effective num-
ber of domain walls) arc strongly affected by the grain

3. Results and discussion size. It was reported that some ferroelectric ceramics
with fine grain size possess very large piezoelectric

From tables I and 2, it can be found that tinder a constants [ 5-7 ]. The reason for this situation could
moderate field the calculated value A/ (0.254 x 10-10 be explained from the fact that the domain width in
m) of the displacement of a single domain boundary this case is small so that the density of domain walls
is very close to the experimental value A1/ becomes very large (or saying n.ff is very large).
(0.297x 10-10 m). Clearly, regardless of the mobility of domain wall

In table I, the measured value of Ad13 is taken as motion, from eq. (7), the larger the nff, the larger

Table I
Calculated values of the piezoelectric constant Ad,3 and related displacements in both the sample and an individual domain boundary

Calculated Calculated Calculated Measured
displacement of sample displacement or DB piezoelectric coefficient piezoelectric coefficient
& (m) A (m) Ad33 (m/V) AJ, (m/V)

21.94X t0-mo 0.254x 10-'° 219.4x 10"-2 256.8 X 10-

Table 2
Measured values otd3, from a vibrational piezoelectric plate as well as the measured displacements in both the sample and an individual
domain boundary

Electric field Piezoelectric coefficient Displacement of sample Displacement of DE
E (V/cm) d (JAd,) (m/V) &"(| &d ) (m) A/* (m)

50 385X 10-"2 38.SX to-' 0  0.297 x 10-°°
210 392x 10-"2 164.7X 10-mo 1.27 X 10-
305 407x 10-" 248.3x 10-0 1.915X 10-'
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the contribution to Ad,ý. In reality, due to the stress Acknoitledgeutneit
constraint in ceramlic samples, usually the domain
width (or ii,*f) may change as the grain size changes. This research wvas supported by the Office of Na-
This is one of the reasons that ferrocicetric poly- val Research.
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dispersions and possess different dielectric and pie- Referctices
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A High Sensitivity, Phase Sensitive d3 3 Meter
for Complex Piezoelectric Constant Measurement
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Based on the direct piezoelectric effect and signal comparison method, a quasi-static, high sensitivity, phase sen-
sitive d3 3 meter has been developed. The system is capable of measuring the complex piezoelectric d33 c(,astant
down to about I pC/N and has a phase resolution of ±-0.050. The advantage of this apparatus is that its operation
is almost as easy as that of the commercial Berlincourt d33 meter, hence, it is suitable for everyday routine usage.
KEYWORDS: piezoelectricity. instrumentation, complex materials

Reflecting the imperfect energy conversion between When piezoelectric coefficients of a material are corn-
mechanical form and electrical form, piezoelectric plex, the response process of the material is not a ther-
coefficients of most ferroelectric materials contain modynainically reversible process. In this case, there
noticeable loss part. That is, similar to dielectric con- will be a question as to whether the thermodynanmic re-
stant and elastic compliance piezoelectric coefficients lations of eqs. (Ia) and (lb) derived from the reversible
are complex quantities.') In designing piezoelectric process are still held, specifically, whether the complex
devices and understanding the basic mechanism of the piezoelectric constants measured through the direct
material response towards external fields, the knowl- piezoelectric effect and through the converse piezoelec-
edge of the imaginary part of piezoelectric constants is tric effect will be equal. When the loss is high, it is ex-
often required. In the past several decades, a great deal pected that the relationships derived from the reversi-
of efforts has been devoted to the development of tech- ble thermodynamics will no longer be valid. However,
niques to measure the complex piezoelectric constants when the loss is low, it has been shown, through the ir-
of a material either directly or indirectly, reversible thermodynamics, that the relations in eqs.

For a piezoelectric material, the constitutive equa- (la) and (1b) are still valid for a single phase material.' 1

tions are: 21  For materials consisting of multi-phases, such as

D,,, =d,,jTj+nE,,E, (la) piezoelectric composite materials and polymeric piezoe-
lectric materials, the situation is more complicated and

S=s,.,T, +d,,E,, (1b) there seems no universal answer to the question raised
where stress T, and electric field E,. are taken as the in- above.

dependent variables, e,, and s,, are dielectric permittiv- Il this paper, we will report an instrument developed

ity and elastic compliance of the material. The piezoe- recently of characterizing complex piezoelectric dnj con-

lectric strain coefficient d4j of the material, therefore, stant of a piezoelectric material through the direct

can be acquired through the direct piezoelectric effect piezoelectric effec :. The system can measure piezoelec-
(eq. (la)), as well as the converse piezoelectric effect tric materials with dn3 value of 1 pC/N, and the phase

(eq. (lb)). In the direct effect, induced charges which is angle of 0.050. The operation of the system is easy and

proportional to the electric displacement Dm are meas- no special requirement is needed for sample geometry

ured when a stress is applied on a sample,2' while in the compared with the other techniques. Several piezoelec-

converse piezoelectric effect, the strain S induced in tric materials such as PZT ceramics and PVDF

the sample by an external electric field E. is measured. copolymer were tested by the system. The results are

Piezoelectric d coefficient can also LU obtained by the compared with those measured through the converse

resonance technique which involves both the direct and effect by using an ultra-dilatometer also developed ill

converse piezoelectric effects.3 ) Although each appara- this laboratory in the past.") The two systems, there-

tus or technique developed has their merit of charac- fore, provide a comlete characterization of the piezoe-

terizing complex piezoelectric constants, there exist lectric response inl complex materials and the constitu-

limitations such as the stiffness and the mechanical loss tive relations in these materials.

of the material to be measured. For instance, some ap- The complex piezoelectric strain coefficient is

paratus can only be used to measure polymeric speci- defined as

mens since a large strain of the material is required.4) d*= Idle-'*
For samples with high loss, the resonance method may -d'-jd- (2)
not be able to provide accurate measurement and in
principle, it is not suitable for the high loss materials Wherej= ,/--, d and 0 (=tan-' Id'"d' l) are the ampli-
due to the restriction of irreversible thermodynamic tude and the phase angle of the d* coefficient, respec-
process. Above all, these techniques and apparatus de- tively. Hence, in order to characterize the complex
veloped are not very handy. Their operations are corn- piezoelectric d* coefficient, both amplitude and phase
plicated and usually, special preparation of samples angle need to be determined. Figure 1 is the schematic
and sample mounting are needed. drawing of the apparatus. The system consists of a
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PZT). Combining two sets of data from thc two mea-
surements, both the phase 0 and amplitude d*n of the
sample can be determined

SAMhPLE VT 
1 Vb1

Vb2 Vq d

and•.GE-
VOLTAGE M (3)coNVM2RnR = 0T--062 + 0b1 - 0,3

BUILT-IN As is clear from the ahove description, a commercial
P'ZT STANDARD Berlincourt d 3 3 meter can be readily converted to a

- NCTO~i phase sensitive d33 meter and the apparatus is quite con-
FORCE GENURA'&
COIL venient for routine operation.

To determine the sign of the d33 constant of a speci-
ineu, the poling direction of the sample needs to be

Fig. I. Schematic drawing of the high sensitivity, phase sensitive known. InI addition, the orientation of the x-cut quartz
,.1 .. ,, a.'t"r. also needs to be determined. By comparing the phase

angles of the sample and the quartz, the sign of d33 of

the specimen can be easily determined.
force generator, a charge to voltage converter (EG&G In the testing process of this apparatus, no system-
PARC Model 181 current sensitive preamiplifier), and a atic change in both the amplitude and phase was found
phm•w sensitive detector (EG&G PARC 5208 lock-in when a sample in tile test port was reversed (the origi-
amplifier). The force generator is that from a comnner- nal up-face now is down) except a 180 phase angle
cial Berlincourt piezo d33 meter (Channel Products, change which was expected. The variation in the phase
Model CPDT 3300), which has a force level of about angle and amplitude when a sample was reversed was
0.5 Newton. However, it is not difficult to build a force within the range of data scatteri -, which would also oc-
generator for the application here. A function genera- cur when the measurement was repeated. The typical
tor is used to drive the coil of the force generator and data scattering for the phase angle is ±0.05* and for
this driving signal is also fed to the lock-in amplifier for the amplitude, is less than 2%. Similarly, when the
the reference signal. The charge to voltage converter quartz crystal was reversed in the test port, within the
has a sensitivity ill the range from 10-9 A/V to 10-4 A/ data scattering, the results did not change except 1800
V. For the sample tested, the sensitivity used was from phase change. These are clear indications that there is
10-7 A/V to 10-' A/V, which yielded a output voltage no systematically spurious signal in the measurement.
from luV to hundreds of ImV for the Samlples character- To further confirm this, we also tested samples having
ized. The basic operation principle of this apparatus is no piezoelectricity and found that the reading in the
similar to that of the original Berlincourt d33 meter. lock-in amplifier did not change for these samples with
The charge .output from a sample to be measured is and without stress within the noise level. This noise
compared to that of a standard and through the ratio, level is much smaller than the signal from the x-cut
the piezoelectr'- constant of the sample is determined, quartz crystal. The quartz crystal used in the test has a
To measure complex dn coefficient, both phase angle dil constant of 2.35 pC/N, which was determined using
and amplitude of the standard should be known. In our the ultra-dilatometer.7 ) Therefore, we can conclude
experinlent, the piezoelectric constant di of a x-cut that this apparatus is capable of measuring piezoelec-
quartz crystal was chosen as the standard. Because tric d33 constant at least down to 1 pC/N.
quartz crystal has very high mechanical Q value, the Listed in Table I are the results from the measure-
piezoelectric loss of quartz crystal is negligibly small ment of several doped lead zirconia-titanate (PZT) ce-
and within the phase resolution of this apparatus (0.050 ramic samples and PVDF-TrFE copolymer samples.
iii phase angle resolution for the lock-in amplifier used), All the samples were purchased from commercial
the phase angle of quartz can be practically taken as sources. PZT samples were from the Piezo-Kinetics
zero.

A typical measurement procedure is as the following.
The quartz crystal was inserted into the probe head of Table 1. Complex piezoelectric du constant of some typical piezoe-

the force generator and induced charges were meas- lectric materials.

ured with respect to that of the built-in standard PZT Specimen da (pC/N) 0 0'6

(in the original Berlincourt d3 meter), and both the am- PZT 51 590 0.9 1.1
plitudes and phase angles were recorded by the lock-in Hard PZV 253 0.3 0.4
amplifier for the quartz (Vq and BQ) and the built-in stan- (PZT-400)
dard PZT (Vbm and Obl). Then by replacing the quartz PVDF-TrFE -30.7 1.15 1.2

with a sanmple to be measured, the charges induced on a. PZT-511 is the trade mark of Morgon Matroc Inc., Vernitron Div.

the sample and the built-in PZT were measured, and for its PZT and PZT-400 is that of Piezo-kinetics Inc.
the amplitudes and the phase angles were recorded (VT b. 0' is the phase angle measured from the converse piezoelectric

and OT for the sample, and Vb2 and &M for the built-in effect using a laser dilatometer.
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Inc. and Morgon Niatroc Inc. Vernitro Div. and tile In sumnnary, based on the direct piezoelectric effect
PVDF-TrFE (75-25) samples were from tile Atochein and signal comn'arison method, a high sensitivity,
North America Inc. The typical dimensions for the sam- phase sensitive d33 meter has been developed which is
pies tested were I or 2 inin in thickness and 5 x 5 mmi capable of imeasuring complex piezoelectric d33 con-
in area. Both surfaces of the PZT ceramic samp'les and stant downl to about I pC/N and has a phase resolition
quartz crystals were electroded by gold-sputtering. For of ±0.050. Tile great advantage of this apparatus is
PVDF-TrFE samples, the electrodes were silver paint that tile operation of this apparatus is alnost as easy as
and they were made from the manufacturer. Samples that of the commercial Berlhicourt d31 meter, hence, it
with different dimensions were also tested and it is is quit.e suitable for everyday routine usage. Since the
found that ihe sample size is not very critical to the set-up is modified from a commercial Berlincourt d3,
measurement as long as a sample is not very thin (no meter, it is needed to measure the signals from the stan-
flexure mode will be excited) and sample area is not dard (quartz) and from the test sample separately. In
small compared with that of tile probe head of the test principle, the built-in PZT in the Berlincourt d33 meter
port which applies force on the sample. The operation can be replaced by the quartz standard and the ineas-
frequency range of this instrument is from 50 Ilz to urement. procedure can be further simplified. To fur-
200 liz. The freqoency limitation is due to the exis- ther facilitate tile measurement, the quartz standard
tence of mechanical resonances in the force generator can also be replaced by another single domain ferroelec-
and apl)arently, the influence of the mechanical tric crystal as the standard, which has a higher piezoe-
resonance on the phase measurement is more severe lectric constant while negligible piezoelectric loss. For
than on the amplitude. In this frequency range, tile example, LiNbO3 single crystal has ad3 3 constant about
complex d33 coefficients for tile samples measured two and a half times larger than that of x-cut quartz
shows no changes within tile data scatters in both the and its piezoelectric loss is also very low.
amplitude and phase angle. The authors wish to thank Mr. P. Moses for many

For the comparison, the phase angles of these same helps and suggestions concerning this project. This
specimens were also measured by the ultra-dilatome- work was supported by the Office of Naval Research.
ter, which also possesses a phase resolution of ±0.050
but is far more complicated in operation. The results
are also presented in Table I. Although the phase angle 1) R. Holland: IEEE Trans. Sonics & Ultrasonics SU-14 (1967) 18.

measured from the two piezoelectric effects are almost 2) IEEE Standard on Piezoelectricity, 1987 (ANSI/IEEE Std. 176-

equal (within tihe data scattering), there is a systematic 31987).
tren inthedif crncebeteen iletwoset ofdat an 3)J. G. Smiths: IEEE S U-2S (1976) 393.

trend in the difference between the (,wo sets of data and 4) T. Furukawa, M. Data and E. Fukada: Rep. Progr. Polym.
the phase angles measured from the converse piezoelec- Phys. Jpn. 13 (1970) 375.

tric effect seem to be a little bit larger than those from 5) R. Haase: Thermodynamics of Irreversible Processes (Dover,

the direct piezoelectric effect. The implication of the NY, 1990).

result is beyond the scope of this paper and they will be 6) W. Y. Pan, 11. Wang and L. E. Cross: Jpn. J. Appl. Phys. 29

addressed in the future. (1990) 1570.
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is no indication in U.S. Pat. No. 4,999.819 of the applica-
METrAL-ELECTROAClIVE CERAMIC tion or use of the aforedescribed structure for actuation

COMPOSITE ACTUATORS purposes.
Accordingly, it is an object of this invention to pro-

GOVERNMENT SUPPORT . 5 vide an improved electroactive, metal-ceramic actua-

This invention was made with Government support tor.
under Grant N0001449-.J.1689 and Contract N00014- It is another object ot this invention to provide a
86-K-0767 awarded by the U. S. Department of the metal-ceramic actuator which exhibits substantially
Navy. The Government has certain rights in the inven- improved actuation distances.
tion. 10 It is another object of this invention to provide a

metal-ceramic electroactive actuator of inexpensive
FIELD OF THE INVENTION design.

This invention relates to electroactive ceramic de-
vices (piezoelectric, electrostrictive. etc.) and, more SUMMARY OF THE INVENTION
particularly, to a metal-ceramic electroactive actuator 15 The metal-ceramic actuator includes an electroactive
exhibiting large positional displacements. substrate having at least a pair of opposed planar sur-

faces and a determined thickness, with the ceramic
substrate being poled in its thickness dimension. Con-

In recent years, piezoelectric, and electrostrictive ductive electrodes sandwich the ceramic substrate and
ceramics have been used as displacement transducers. 20 are bonded to its planar surfaces. Metal caps. each hay.
precision micropositioners, and for other actuator appli- ing a concave cavity bounded by a rim, are bonded to
cations. An important drawback to such devices, how- both planar surfaces of the ceramic substrate. A poten-
ever. is the fact that the magnitude of strain in such tial is applied to the conductive electrodes to cause an
ceramics is limited to approximately 0.1%. Magnifica- expansion of the ceramic substrate in its thickness di-
tion mechanisms have, therefore, been developed to 25 mension and a concomitant contraction in its planar
produce sizeable displacements at low voltages. The dimensions. The contraction creates a flexure of the
two most common types of electroactive ceramic actua- metal caps, which flexures are used to actuate another
tors are the multi-layer ceramic actuator with internal instrumentality.
electrodes, and the cantilevered bimorph actuator.

A bimorph-type actuator will execute a large bending 30 DESCRIPTION OF THE DRAWINGS
or "wagging" motion with the application of an AC or FIG. I is a side sectional view of an actuator embody-
DC field. Although such actuators exhibit large dis- ing the invention;
placements (generally on the order of several hundred FIG. 2 is a plan view of the actuator of FIG. 1;
microns), their generative force and response speeds are
not high. Multilayer-actuators exhibit significantly 35 FIG. 3 is a chart showing plots ofdisplacement ver-

larger generative forces, although their displacement sus voltage for ceramic actuators constructed in accor-

values are limited. For instance, a fifteen millimeter dance with prior art and actuators constructed in accor-

multilayer stack provides a displacement of approxi- dance with the invention;
mately 10 microns. Such a stack characteristically com- FIG. 4 is an actuator that employs a plurality of the
prises a lead titanate-lead zirconate (PZT) ceramic or a 40 actuators shown in FIG. 1;
lead titanate-doped lead magnesium niobate (PMN-PT) FIG. 5 is a sectional view of an actuator embodying
type ceramic, having a hundred volts of DC applied, the invention, which actuator employs segmented ce-
There is a need for an electroactive ceramic actuator to ramic electroactive slabs with interspersed electrodes;
provide sizeable displacements with sufficient force to FIG. 6 is another actuator embodiment constructed
carry out actuator applications. 45 in accordance with the invention.

In U.S. Pat. No. 4.999,819 the inventors hereof previ- FIG. 7 is a plan view of the actuator of FIG. 6.
ously described an acoustic transducer, of sandwich FIG. 3 shows the d33 coefficient and resonant fre-
construction, that was particularly useful for the trans- quency plotted as a function of cap thickness.
formation of hydrostatic pressures to electrical signals. FIG. 9 shows the positional dependance of the d33
A pair of metal plates were positioned to sandwich a so coefficient for two actuators with cap thicknesse of 04
piezoelectric element, with each plate having a cavity mm and 0.3 mm.
formed adjacent to the piezoelectric element. The plates FIG. 10 shows a plot of maximum displacement as a
were bonded to the piezoelectric element to provide a function of cap thickness.
unitary structure. The cavities provided a stress-trans- DETAILED DESCRIPTION OF THE
forming capability which amplified an incoming com. 55 INVENTION
presaive stress and convened it to a radial extensional
stres in the ceramic. The ceramic was generally poled Referring to FIGS. I and 2, actuator 10 includes a
in the thickness dimension and exhibited d33, dil and piezoelectric or electrostrictive ceramic disk 12. having
d32 piezoelectric coefficients. conductive electrodes 14 and 16 bonded to its major

As is known to those skilled in the amt, the d33 coeffi- 60 surfaces. A pair of conductive metal end caps 13 and 20
cient lies in the plane of a ceramic's poling, whereas the are bonded to conductive electrodes 14 and 16, respec-
d3l and d32 coefficients describe the action of the ce- tively. Each end cap is provided with a small lip 21 that
ramic in a plane that is orthogonal to the direction of extends over the ends of disk 12. In FIG. 2, a Plan view
poling. In the transducer shown in the '819 patent, the is shown of the actuator structure.
cavities transform most of an incoming stress in the d33 65 If ceramic disk 12 is a piezoelectric material, it is

direction to the d31 and d32 directions in the piezoelec- poled, during manufacture, in the directions indicated
tric slab. By monitoring the voltage generated across by arrows 22. If ceramic disk 12 exhibits electroStrictive
the sgab, the resulting pressure wave wa sensed. There effects, then it need not be poled.
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End caps 18 and 20 are provided with cavities 24 and pie were as follows: d = II mnm: dp = I I mm. dc = m mm.
26 respectively, so that only the rims that surround the hp = I mm; h = 50 microns; and hmn = 0.5 mm
cavities are bonded to ceramic disk 12 and make con- Referring now to FIG. 4, a stacked actuator arran.e.
nection to conductors 14 and 16. A pair of terminals 28 ment is shown comprising a plurality of individual actu-
and 30 are connected to end caps 18 and 20. respec- S ators 40, 42, 44 and 46. all of which are activated in
tively, and provide input conductors for enabling oper- parallel by a voltage supply applied to terminals 48 and
ation of actuator 10. 49. Separators 50 enable the displacement of one actua-

When a potential is applied across terminals 28 and tor to be transmitted to an adjacent actuator. Thus. the
30, ceramic disk 12 expands in the z dimension (d33). At respective displacements are additive and provide a
the same time, it contracts in the x and y dimensions and 10 total displacement that is a multiple of a single trans-
(d32 and diI), causing end caps 18 and 20 to bow out- ducer.
wardly, as shown by dotted lines 32 and 34, respec- Turning to FIG. 5, the structure shown in FIG. I has
tively. The bowing action amplifies the actuation dis- been modified to employ a multilayer ceramic part 60
tances created by the contraction of ceramic disk 12, Ceramic part 60 comprises a plurality of ceramic layers
and enables the use of the structure as an actuator. Is having interdigitated electrodes 62 and 64. Electrodes

The stress transformation created by the configura- 62 are connected to terminal 66 whereas electrodes 64
tion shown in FIG. 1 substantially magnifies the motion are connected to terminal ". By utilizing this arrange-
of ceramic disk 12's z direction motion. The displace- ment, the voltage applied across electrodes 66 and 68
ment of each end cap is 10 times larger than that of the can be reduced in value while still achieving a desired
ceramic disk alone and exerts a large generative force. 20 voltage per millimeter value. The operation of the actu-
The specific values of the displacement and generative ator of FIG. 5 is in other respects, identical to that
force depend on the actuator's design, the diameters of shown in FIG. 1.
cavities 24 and 26, the depth of the cavities, the thick- Turning now to FIGS. 6 and 7. a further preferred
ness and material of end caps 18 and 20, and the thick-
ness of ceramic disk 12. 25 arrangement of the invention is shown. In this case. end

Piezoelectric actuator materials that are used with the caps -70 and 72 sandwich ceramic actuator 74. which
structures shown and described herein are based pri- actuator is oriented so that its dj poled direction is
marily on the lead zirconate titanate (PZT) family in- parallel to the planar dimensions of end caps 70 and 72.
cluding PLZT((PbLaXZr.Ti)O3). Electrostrictive ce- Ceramic actuator 74 is multilayered, as shown in FIG.
ramic disks utilize lead magnesium niobate (PMN)- 30 c. Similarly, it comprises a plurality of interdigitated
based ceramics. Lead titanate-modified PMN (PMN- conductive layers with interspersed ceramic layers.
PT) is preferred. When the actuator of FIG. 6 and 7 is initially con-

Various compositional modifications may also be structed, end caps 70 and 72 are constructed so that

made in the aforesaid materials, their overall length is longer than ceramic part 74.
Metal end caps IS and 20 may be any metallic mate- 35 Then, when end caps 70 and 72 are bonded to ceramic

rial with high conductivity and high modulus. Brass, part 74, they are bonded in a bowed fashion as shown by
copper and aluminum are representative materials that dotted lines 00 and 82. When, a potential is applied
are suitable. Requirements of the bonding material across terminals 76 and 78. multilayer ceramic 74 ex-
which connect end caps 13 and 20 to ceramic disk 12 are pands in the direction hown by arrow 86 and causes
strong mechanical bonding between metal and ceramic 40 end caps 70 and 72 to become unbowed.
as well as good electrical conductivity. Examples of Using the structure shown in FIGS. 6 and 7. a greater
such materials are a glass flux containing silver paste, than 15 micron displacement was obtained using an
metal mesh with epoxy, very thin layer epoxy solder or applied voltage of 150 volts. The result was obtained
active metal brazing alloys, with only one metal end cap in place. If end caps awe

Referring now to the chart shown in FIG. 3. displace- 45 applied to both sides of multilayer ceramic part 74. a
ments measured for composite actuators driven by PZT greater than 30 micron displacement can be obtained for
and PMN ceramics are plotted versus voltage. Dis- same applied voltage. Dimensions of the actuator
placements for uncapped PZT and PMN ceramics are shown in FIG. 6 A 7 were as follows: Lm-21.5 mm;
shown for comparison. As shown, displacements larger Wm- 6.8 mm; h=-0.5 mm; Lc=20.5 mm; Wc-9.6
than 10 microns were obtained with a PMN actuator 50 am; hc--9.6 mm; and h-0.3 mm
having bras end caps. A corresponding curve for a EXPERIMENTAL RESULTS
composite actuator containing PZT shows a five mi-
cron displacement. Ceramic displacements without end Composite actuators were made from electroded
caps were on the order of one micron. PZT5A disks (II mms in diameter and I mm thick) and

As above indicated, one actuator whose performance 35 brass end caps (13 mm in diameter with thicknesses
is plotted in FIG. 3 was a PMN-PT disk, end capped ranging from 0.4 to 3 im). Shallow cavities 6 mm is
with brass disks. Dimensions of this sample were as diameter and 150 micron center depth were machined
follows (using the dimensions shown in FIG. I). into the inner surface of each brass cap. The PZT disk

d -1 3 mm; dc m 6 ram; h-- I 50microns; dp-- I I mm; and the end caps were bonded around the cicumfer-
hp-I m-; and hm=0.4 mm. go ence taking care not to fill the cavity or short circuit the
The applied electric field was I kilovolt per millime- ceramic electrodes. Silver foil (25 micron thickness) and

ter, and produced a 10 micron displacement. It is to be silver paste were used as bonding materials. The corn-
noted that each of the plots in FIG. 3 shows some hyste- posite was heated to 600" C. under stress to solidify the
resis which should be taken into account in the design of bond. After cooling, the actuator was encapsulated
the actuator. 65 using Spurts epoxy resin, followed by curing at 70" C.

A PZT 501 disk, end capped with brass disks pro- for 12 hours. Electrodes were attached to the brass end
duced a 9.6 micron displacement at one kilovolt per caps and the ceramic was poled at 2.5 Mv/m for 15
millimeter applied voltage. The dimensions of that sam- minutes in an oil bath held at 120' C.
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The direct piezoelectric coefficient was measured at a We clum:
frequency of 100 Hz using a Berlincourt d33 meter. The 1. An actuator comprising:
converse piezoelectric coefficient of the ceramic was circular electroactive ceramic substrate means having
determined with a laser interferometer. Displacements a pair of opposed planar surfaces and a thickness
of the composite actuator were measured with a linear 5 aspect, said substrate means having a d33 direction
voltage differential transducer having a resolution of parallel to said thickness aspect and d~i and d32
approximately 0.05 microns. The effective d33 coeffici- directions parallel to said planar surfaces;
ent of a composite was obtained by dividing the strain conductive electrodes sandwiching said ceramic sub-
by the applied electric field. In comparing the resulting strate means and covering said opposed planar
d33 with that of a ceramic, the total thickness of the 10 surfaces;
composite was employed in calculating the field- a first metal cap having a concave cavity formed
induced strain. Resonant frequencies were obtained therein and exhibiting a continuous rim bounding
with a Hewlett Packard L. F. Impedance Analyzer said cavity, said rim bonded about its entire surface
Number 4192A. to said conductive electrode on a first said planar

FIG. I shows the dj3 coefficient and resonant fre- I5 surface of said ceramic substrate means:
quency plotted as a function of brass cap thickness. As a second metal cap having a concave cavity formed
expected, thinner end caps flexed easier, resulting in therein and exhibiting a continuous rim bounding
larger piezoelectric coefficients. The d33 values were said cavity, said rim bonded about its entire surface
measured at the center of the brass end caps using a to said conductive electrode on a second planar
Berlincourt d33 meter. Values as high as 2500 pC/N 20 surface of said ceramic substrate means, said sec-
were obtained, approximately five times that of PZT ond planar surface opposed to said frst planar
SA alone. The fundamental fiextensional resonant fre- surface; and
quency decreased rapidly with decreasing brass thick- means for applying a potential across said conductivequency decreasednrapidlys withan deforeasthickng ss thickelectrodes to enable a field in the d33 direction that
ness, dropping to less than 20kHz for a thickness of 0.4 25 causes a contraction of said ceramic substrate
mm., means in the d31 and d32 directions, and through

Piezoelectric effects were largest near the center of said bonded rims, a flexure of said metal caps.
the transducer, where the flexural motion was largest. 2. The actuator of claim I wherein said electroactive
The d33 values as a function of position are shown in ceramic substrate is poled along with d33 direction and
FIG. 9. Plots are shown for two brass thicknesses of 0.4 30 exhibits a piezoelectric characteristic.
and 3.0 mm respectively. Ample working area of sev- 3. The actuator of claim 2 wherein said potential is
eral square millimeters was obtained with the actuators. applied to said metal caps.

Maximum displacements obtained with a single brass 4. The actuator of claim I wherein said electroactive
end cap on an actuator are shown in FIG. 10. The val- ceramic substrate means exhibits an electrostrictive
ues were recorded with the LVDT system in a field of 35 characteristic.
I MV/m which is well below the breakdown field of S. The actuator of claim I wherein said electroactive
PZT. The largest displacements were obtained with ceramic substrate means comprises a stack of ceramic
actuators having thin end caps. It was determined that substrates, with conductive electrodes positioned there-
even thin end caps are capable of exerting forces in between, said means for applying a potential connecting
excess of 2 kgf. Experiments were also carried out with 40 one potential to every other conductive electrode and
actuators incorporating PMN ceramics. As mentioned connecting another potential to conductive electrodes
above, PMN does not need to be poled because it uti- not connected to said one potential.
lizes the electrostrictive effect rather than piezoelectric 6. The actuator of claim S wherein said ceramic sub-
electricity. The PMN composite actuator results are strates and conductive electrodes lie in planes that are
plotted in FIG. 3. 45 parallel to said conductive electrodes.

It should be understood that the foregoing descrip- 7. An actuator comprising a plurality of actuators,
tion is only illustrative of the invention. Various alterna- each actuator structured as recited in claim 1, said actu-
tives and modifications can be devised by those skilled ators stacked one upon the other, with insulating means
in the art without departing from the invention. Ac- interspaced therebetween, said means for applying a
cordingly, the present invention is intended to embrace So potential connected in parallel to Md plurality of actua-
all such alternatives, modifications and variances which tors.
fall within the scope of the appended claims. S S 5
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METAL-CERAMIC COMPOSITE TRANSDUCER,

THE "MOONIE"

Katsuhlko Onitsuka, Aydin Dogan, James F. Tressler

Qlchang Xu, Shoko Yoshikawa and Robert E. Newnham

Materials Research Laboratory

The Pennsylvania State University

University Park, PA 16802

Abstract

A new type of metal-ceramic composite transducer, the "Moonie," has been

developed by sandwiching a poled lead zirconate titanate (PZT) ceramic between two

specially designed metal end caps. Piezoelectric coefficients an order of magnitude larger

than PZT were obtained. The metal-ceramic composites are being developed as fish

finders, hydrophones, actuators, and transducers with integrated sensing and actuating

functions. This paper describes the moonie principle, optimization of the moonie design

using finite element analysis, and the performance of the device for several different

application

KEY WORDS: composite, Pzr tansducer, fish finder, hydrophone. actuato



Meta-.,eramic .,ompostte 1ransoucer, tne tvtoonie

INTRODUCTION

A new type of metal-cera¢ic composite transducer, the moonie. has been developed

by sandwiching a poled lead zirconate titanate (PZT) ceramic between two specially

designed metal end caps. Piezoelectric coefficients an order of magnitude larger than PZT

were obtained. The metal-ceramic composites are being developed as fish finders,

hydrophones, actuators and transducers with integrated sensing and actuating functions.

This paper describes the moonie principle, optimization of the moonie design using finite

element analysis, and the performance of the device for several different applications.

The moonie consisu of a piezoelectric or electrostrictive ceramic disk sandwiched

between two metal end caps, each having a crescent-shaped cavity on its inner surface

(hence the name moonie'). These metal end plates serve as mechanical transformers for

converting and amplifying the lateral displacement of the ceramic into an axial motion

normal to the plates. Both the d33 and d3l coefficients of the piezocemmic contribute to the

axial displacement of the composite. The cavities are used as a mechanical transformer for

transforming the high acoustic impedance of the ceramic to the low acoustic impedance of

the surrounding medim.(]-[61

Figure 1 shows the basic configuration of the moonie transducer. The ceramic

element can be a piezoelectric ceramic or an electrostnctive ceramic either in single layer or

multilayer form. Elecotrictive ceramics generally show lens hysteresis than PZT but am

highly nonlinear. Multilayer elements consist of a number of thin ceramic layers with

internal electrodes thus have lower drive volages.



dm

dp

dc

tb

dm: Mewal cap diameter, dp: PZT diameter, dc:Cavity diameter, h: Cavity depth

tn : Metal cap thickness, tp: PZT thickness, tb: Bonding layer thickness

Figure I The cross sectional view of the moonie transducer



APPLICATIONS OF THE MOONIE

Table I shows three applications of the moonie transducer, hydrophones, actators,

and fish finders. The materials and dimensions listed in Table I were chosen after

considering the properties required for each application. Bonding materials and dimensions

are the key factors in designing the properties. Finite Element Analysis (FEA, -*,as used to

optimize the geometry of the moonie transducer.

Table I Applications of the moonle transducer

Hydrophone Actuator Fish Finder

Function Pressure sensor Mechanical acniato Transceiver

Metal Brass Brass Aluminun

Ceramic PZT-5 PZT-5, PMN-PT PZT-4

Bonding Ag paste Ag paste, Epoxy Epoxy

Diameter (mnn) 11 11 27-45

Thickness (mm) 5 2-5 10-20

d33 (pC/N) 2500 4500 1500

Feature high sensitivity high dislacement low side lobes

Imanaka et al. utilized the multilayer moonie actuator to control the scanning angle

for a micro-optica scanner, Figure 2 shows the schematic diagram of the optical scanner

unit containing die multilayer moonie actuator. By replacing the usual multilayer actuator

vith a multilayer moonie, reduction of the operating voltage and miniaturization of the

optical scanner unit size were achieved.[7]-[9]

FINITE ELEMENT ANALYSIS (FEA)

A theormtical analysis of the PZT-metal omposite was performed using the finite

element analysis program SAP90. A quarer-section axially symmetric model is shown in

FiSure 3. The mesh contained 270 quadrilWel shaped elements with 350 nodal points

The material properties used in this analysis am listed in Table 2.



Case Micro Collimated Light Source

.- Ministure Resonator

- muldtayemd mooaic aWUazo

Figure 2 Schematic Illustration of the optical scanner unit Incorporated
with the multilayer moonle actuatc-r [71.[9]
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Table 2. Materials properties for the FEA

Material Density Young's modulus Poisson's ratio
(/cm 3) (N/mr

PZT.4 7.6 7.0x101 o 0.33

PZT-5 7.6 7.OxlO'O 0.33

Brass 8.4 10.5x1010 0.35

Aluminum 2.7 6.9x1010 0.33

Epoxy 1.2 2.5xl09 0.40

CALCULATED AND EXPERIMENTAL RESULTS

(1) Moonle fish finder

A fish finder is an underwater transducer which converts a high voltage electrical

pulse to mechanical motion. The mechanical motion creates a sound wave that is

transmitted efficiently through the water in the desired direction. The sound wave reflects

off targets, such as fish or the bottom of the water, and travels back to the transducer. The

reflected sound wave "echo" mechanically deflects the transducer and a very low voltage

pulse is created. The distance to the target is determined by measuring the time difference

between the tansmitted pulse and received echo.[10J In some fish finder applications.

transducers having a wide main lobe without side lobes are used in searching for fish over

a wide area.

Using FEA dynamic analysis, the lowest three vibration modes were calculated and

are illustrated in Figure 4. In the first vibration mode, the center of the transducer has

maximum displacement. The first vibration mode is found to be useful as a fish finder

because it has a wider main lobe than the conventiotnl fish frider design.J[6

The rsonant frequencies of the mooi* are dependent upon such dimensions as the

metal cap diameter, PZT diameter, cavity diameter, metal thickness, PZT thickness and
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cavity depth. By using FEA, the appropriate shape and dimensions can be designed for fish

finders with selected resonant frequencies. Figure 5 shows good agreement between

experimental and calculated frequencies for the first resonant mode. In Figure 6, the first

resonant frequencies measured in actuators with different brass end cap thicknesses are also

in good accordance with those calculated.

(2) Moonle hydrophone

One important sensor application is the hydrophone, a device used to detect weak

pressure waves in fluids. In many hydrophone applications, there is a great demand for

piezoelectric transducers with high pressure tolerance, high dielectric constant (K), high

hydrostatic piezoelectric charge coefficient (dh), high hydrostatic voltage coefficient (gU),

and consequently a high figure of merit (db.g&J. PZT ceramics have high d33 and d3t, but

their d% (= d3 + 2 d31 ) values are very low because d34 and db have opposite signs.[10]

In the last decade, several piezoceramic ceramic-polymer composites with different

connectivity patterns have been developed for hydrophone and medical transducer

applications 1 1]-[141. The advantages of these composites over ceramics include higher

figure of merit (dgb) to enhance the sensitivity, increased mechanical compliance, smaller

acoustic impedance for matching to water or tissue, and lower transverse electronechanical

coupling coefficient. Disadvantages of these ceramic-polymer composite transducers

however, are lower dielectric constant and lower pressure tolerance than their ceramic

counterparts.

PZT-brma composite moonies with dimensions: do = dp=11.0, de= 7.6, tp= 1.1,

t, = 1.2 and h = 0.15 (all in mm) were fabricated for the experiment. The bras end caps

were bonded to a PZr-s disk with capacitor electrode silver paste and fired at 600 OC for

10 mrin. Brass was choen for its lower thermal expansion coefficient (approximately 15

ppm IoC).
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The moonie composite enhances dh by converting a portion of the z-directional

stress into large radial stresses of opposite sign, thereby causing the d33 and d31

contributions to d. to add rather than subtract, leading to a high dh thus a high figure of

merit. Figure 7 shows a comparison of figure of merit of different materials and

composites. The moonie exceeds 50,000 x 10-15m 2/N in the figure of merit, which is 500

times larger than the PZT ceramic.[3]

Figure 8 shows the experimental results for dh and gS plotted as a function of

hydrostatic pressure up to 1000 psi (7.0 MPa). The moonie hydrophone transducer

exhibits a high figure of merit as well as a high pressure tolerance with very little aging

under static hydrostatic pressures of 350 psi (2.5 MPa).[31

Figures 9 show the results of the stress analysis when unit hydrostatic pressure was

applied to the surface of the transducer. In the longitudinal z-direction (Figure 9a), the

stress distribution in the PZ'T is rather complex. There are 13-15 units of compressive

stress concentration at the inner edge of the bonding. On the other hand, at the outer edge

of the PZT, 4-6 units of exiensive stress concentration is induced. Since ceramics are

usually weakest under tensile stresses, the outer edge of the PZT must be reinforced. In the

radial direction (Figure 9b). mainly extensive stresses, shown as the ++ region in Figure

9b, are induced in the PZT ceramics, except near the bonded region. A similar stress

distribution was obtained in the tangential direction. The extensive forces in the radial and

tangential direction in the PZM, coupled to the moonie sucture, make the moonie a highly

sensitive hydropbone.[5'
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(3) Moonle actuator

Actuators are electromechanical transducers which develop useful strains by

controlling an electric field applied. Figure 10 illustrates the two common types of

piezoelectric actuator, the multilayer ceramic actuator with internal electrodes, and the

cantilevered bimorph actuator, together with a new type of multistacked multilayered

moonie (multi-multi moonie). Multi-multi moonies with large displacements are made by

inserting multilayered ceramic actuators between moonie end caps and stacking several

moonies together. Normal multilayer actuators produce a large force, but only small

displacements. Conversely, bimorphs produce large displacements but the forces are very

small. The moonie actuator combines the advantages of both by providing both large

displacements and reasonably large generative force.[151

The desirable properties of actuators are:

1) LAr displacement (Large strain)

2) Small hysteresis (position reproducibility)

3) Small size and weight

4) High power

5) Quick response time

6) Low driving voltage j
7) Wide working temperature range

8) No aging

The dependence of the d3 coefficient and the first resonant frequency on the bWss

thickness is shown in Figure 11. The dimensions of the PZr moonies were d. = 11.2.,

= 10.8, de = 8.5, tp-- 1.0. tm-= 0.3 to 2.5. tb = 0.02. and h = 0.2 (all in mm). Silver filled

epoxy was used as the bonding agent. By reducing the thickness of the end caps, the d33

values increase dramatically. Piezoelectric effective dj3 coefficient of about 13,000 pC/N

was obtained for brass thicknesses of 0.3 mm.
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single layer moonie actuator. By decreasing the brass thickness, Uhe displacement increases

in the same manner as the effective d33 coefficient A single moonie actuator with brass cap

thickness of 0.3 mm can produce a 22 pm displacement under applied electric field of 1

kV/mm.

Figure 13 describes the relationship between displacement and applied force for a

moonie actuator having 0.3 mm thick brass caps. Even though the displacements are very

high at the center of the brass end caps, the generative force at the center is low. Generative

force increases when the location of the measuring point is moved from the center to the

edge, while displacement decreases. The moonie can carry 300 grams force by sacrifi, ing

one third of its displacement. reducing the value from 22 to 13 prm.

Figure 14 shows the displacement versus electric field curves for a doubly-stacked

actuator driven by PZT-SA disk. A displacement of about 40 pun can be obtained under a

field of I kV/mm, which is twice the single moonie displacement and nearly 20 times that

of the uncapped ceramic.

(4) Integrated Sensors & Actuators

The elimination of mechanical vibramtion or acoustic noise has achieved considerable

attention in recent years. both on the macroscopic (smart shock absorbers) and microscopic

(active optic systems) scale. The fundamental parameters that must be considered for a

vibration control device are its response time, as well as the force and vibration

displacement amplitude that has to be cancel. Once these criteria have been met for a

particular application, it then becomes desirable to reduce costs by miniaturizing and/or

reducing the power delivered to the device.

Using this information, it became our objective to fabricate a vibration control

device based on the moonie actuator. In order to produce the most efficient device, the

sensing and actuating functions were integrated into a single composite. The prototype
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design is shown in Figure t5. The actuator portion of the device consists of the standard

moonie, I I mm in diameter and 3 mm thick. The sensor is a separate piece of piezoceranic

(PZT), 0. 1 mm thick, which was imbedded within the upper end cap. The sensor detects

sinusoidal vibrations normal to the actuator surface, as shown in the Figure 15. then via a

feedback loop, sends a signal of appropriate amplitude and phase back to the actuator so

that the latter effectively cancels the external vibration.

The ability of the moonie actuator to actively control external vibrations was

determined by placing the device atop a vibrating multilayer actuator of known frequency

and displacement amplitude. The dynamic frequency range of the sensor was found by

applying a sinusoidal AC field to the moonie actuator and observing the resulting vibration

signal on an oscilloscope. The response remained relatively flat between 100 and 6000 Hz.

The data in Figure 16 show that the integrated sensor/actuator device can indeed be

used to cancel external vibrations. The horizontal axis shows the I kHz electric field

applied to the moonie actuator when the field applied (at I kHz) to the multilayer vibration

source was either 75 V/mm, 125 V/mm, or 250 V/mm. The vertical axis shows the

corresponding net vibration signal amplitude, which comes from the sum of the multilayer

and moonie vibrations. The results show that whenever the applied fields and phase shift

into the moonie are adjusted to the appropriate magnitude, the net vibration signal goes to

zero, indicating that the integrated sensor/actuator device has effectively canceled the

external vibration. The reason the phase shift is 10 rather than the expected 180 was due to

the polarization direction of the sensor being opposite that of the actuator.

Figuve 17 shows how the net vibration signal amplitude changes with phase shift

when the applied field into the multilayer is 125 V/mm and the field applied to the moonie

is 7.05 Vimm. These data show that when the phase shift between the two field is slightly

greaer than OP, the momie and multilayer vibrations have the same displacement amplitude

and are exactly 180O out-of-phase, resulting in no net vibration sigra.
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Figure 18 shows the applied electnc field and phase shift (feed back signal) needed

to be supplied to the moonie actuator in order to cancel the external vibration over the

shown frequency range when the field applied to the multilayer was 75 V/mm.

Figure 19 superimposes the subsequent sensor signal amplitude detected from the

multilayer vibration s•,o ce both with and without the feedback signal activated. These data

show that when the feedback field given in Figure 18 is activated, the multilayer vibration

signal can be completely suppressed over this frequency range. The reason 2500 Hz was

cnosen as the cut-off frequency was the inability to prevent "ultrasonic floating' (which

arose from incomplete coupling) by the moonie atop the multilayer at higher frequencies.

The minimum and maximum electric fields into the moonie actuator for which the

sensor signal remained sinusoidal were 200 V/mm and 370 V/mm, respectively, and were

independent of frequency. These fields thus define the dynamic displacement range that the

sensor is capable of detecting as being between 0.35 nm and 0.65 pm (as calculated by

finite element analysis). (61

Lastly, the response time of the device, 20 jasec, was estimated from the resonant

frequency of the actuator, 50 kHz.
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SUMMARY

1. The moonie design has been shown to work well for both sensing and actuating

functions.

2. Three specific applications for the moonie have been developed: hydrophone sensors,

transceivers for fish finders, and actuators.

3. Finite Element Analysis has been shown to be an effective design method for optimizing

the properties required for each application.

4. =ZT-brass moonie hydrophones with redistributed stresses show a very high figure of

merit as well as high withstanding hydrostatic pressure.

5. A single moonie actuator with brass caps 0.3 mm thick has effective d33 coefficients of

about 13,000 pC/N, and can produce a 22 pm displacement under applied electric field

of I kV/mm. By decreasing the brass thickness, the displacement increases in the same

manner as the d63 coefficient

6. A doubly-stacked actuator produced 40 prn displacement under a field of I kV/mm,

which was twice the single moonie displacement and nearly 20 times that of the

uncapped ceramnic.

7. The newly designed integrated sensor/actuator device has effectively canceled the

external vibraion.
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